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The Central Patagonian Andes is a particular segment of the Andean Cordillera that has been subjected to
the subduction of two spreading ridges during Eocene and Neogene times. In order to understand the
Cenozoic geologic evolution of the Central Patagonian Andes, we carried out geochronologic (U-Pb and
40Ar/39Ar), provenance, stratigraphic, sedimentologic, and geochemical studies on the sedimentary and
volcanic Cenozoic deposits that crop out in the Meseta Guadal and Chile Chico areas (w47S). Our data
indicate the presence of a nearly complete Cenozoic record, which refutes previous interpretations of a
hiatus during the middle Eoceneelate Oligocene in the Central Patagonian Andes. Our study suggests
that the ﬂuvial strata of the Ligorio Márquez Formation and the ﬂood basalts of the Basaltos Inferiores de
la Meseta Chile Chico Formation were deposited in an extensional setting related to the subduction of the
Aluk-Farallon spreading ridge during the late PaleoceneeEocene. Geochemical data on volcanic rocks
interbedded with ﬂuvial strata of the San José Formation suggest that this unit was deposited in an
extensional setting during the middle Eocene to late Oligocene. Progressive crustal thinning allowed the
transgression of marine waters of Atlantic origin and deposition of the upper Oligoceneelower Miocene
Guadal Formation. The ﬂuvial synorogenic strata of the Santa Cruz Formation were deposited as a
consequence of an important phase of compressive deformation and Andean uplift during the early
emiddle Miocene. Finally, alkali ﬂood basalts of the late middle to late Miocene Basaltos Superiores
de la Meseta Chile Chico Formation were extruded in the area in response to the suduction of the Chile
Ridge under an extensional regime. Our studies indicate that the tectonic evolution of the Central
Patagonian Andes is similar to that of the North Patagonian Andes and appears to differ from that of the
Southern Patagonian Andes, which is thought to have been the subject of continuous compressive
deformation since the late Early Cretaceous.
 2018, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The Andean Cordillera is the longest and highest subaerial
mountain belt formed in a convergent setting. Along the Chilean
margin, this range is related to the subduction of the oceanic Nazcaof Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).and Antarctic plates beneath South America (Mpodozis and Ramos,
1989). Although plate velocities at the trench are rather uniform
north of the Nazca-Antarctica-South America triple junction, the
Andes show striking latitudinal differences in width, height, and
shortening (Mpodozis and Ramos, 1989; Martinod et al., 2010). It
appears that the tectonic regimes operating along the Andean
range have varied widely along strike and across time. For example,
compressional tectonics have dominated the Andes of southern
Peru and northern Chile (w15Se27S) throughout most of the
Cenozoic (Oncken et al., 2006, and references therein), whereasction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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tonics have characterized the Andes of south-central Chile
(w33Se46S) during the same period (e.g., Mpodozis and Ramos,
1989; Jordan et al., 2001; Charrier et al., 2002; Orts et al., 2012;
Encinas et al., 2016a; Horton, 2018b). These temporal and lat-
itudinal changes in the tectonic regime affected not only Andean
growth but also other geological characteristics such as the distri-
bution of volcanic centers across the upper plate, the geochemistry
of magmatism, the distribution and characteristics of sedimentary
basins, and the occurrence of marine transgressions of Paciﬁc and
Atlantic origin that have periodically ﬂooded parts of the Chilean
margin (e.g., Mpodozis and Ramos, 1989; Jordan et al., 2001).
The causes for these latitudinal and temporal variations in the
tectonic regime are debated. The exact mechanism is controversial,
as it has been ascribed to different factors such as changes in
interplate coupling (Lamb and Davis, 2003; Yanez and Cembrano,
2004), the dip angle of the subducting slab (Martinod et al.,
2010), the convergence rate and angle (e.g., Pardo-Casas and
Molnar, 1987), or the absolute westward motion of South America
(e.g., Silver et al., 1998). Another important process that inﬂuences
the geologic evolution of convergent margins is the subduction of
active oceanic ridges, because they represent ﬁrst order heteroge-
neities that affect the tectonic and magmatic development of the
upper plate (Scalabrino et al., 2010). Subduction of spreading ridges
can cause important effects in crustal deformation and surface
morphology (Scalabrino et al., 2010). Their subduction may also
lead to the opening of a slab window, which can trigger signiﬁcant
changes in the mantle dynamics beneath the orogenic wedge
(Scalabrino et al., 2010, and references therein).
The Central Patagonian Andes at w47S (Figs. 1 and 2) is an
excellent area to study the geological effects of alternating episodes
of compressional and extensional tectonics, as well as the inﬂuence
of the subduction of spreading ridges on the geological evolution of
a convergent margin. This area is of particular interest because it is
transitional between a segment of the Andean Cordillera located
north of this latitude (w33Se47S) that records different periods
of extensional and compressional tectonics during the Cenozoic
(Muñoz et al., 2000; Charrier et al., 2002; Echaurren et al., 2016)
and a segment to the south (47Se56S) that is thought to have
been subjected to compressive deformation since the Cretaceous
(e.g., Biddle et al., 1986). In addition, the triple junction between the
Nazca, South American, and Antarctic plates is currently located at
this latitude (w47S), due to northward migration of the sub-
ducting Chile spreading ridge during the Neogene. This area pre-
viously experienced the subduction of the Aluk-Farallon spreading
ridge during the Eocene (Cande and Leslie, 1986). The inﬂuence of
the subduction of these seismic ridges on the tectonic evolution of
the Patagonian Andes during the Cenozoic is debated (Suárez and
De La Cruz, 2000; Ramos, 2005). Although there is a general
agreement that both episodes of ridge subduction caused the
opening of asthenospheric slab windows below the South Amer-
ican plate and the extrusion of extensive ﬂood basalts in Patagonia
(Ramos and Kay, 1992; Gorring et al., 1997; Espinoza et al., 2005;
Guivel et al., 2006; Breitsprecher and Thorkelson, 2009), there is
still no consensus on the deformational inﬂuence of these active
ridges. Several authors have proposed a relationship between the
timing and location of ridge approach and collision and changes in
the Patagonian Andes such as rapid mountain uplift and develop-
ment of a fold and thrust belt (Ramos, 1989; Ramos and Kay, 1992;
Flint et al., 1994; Ramos, 2005). However, others have indicated thatFigure 1. Regional geologic map. Inset area at Lago General Carrera is shown in Fig. 2. The
central Chile and Argentina including the southern part of the Central Andes (CA), the Nor
Patagonian Andes (SPA). Figure is after Segemar (1994, 1995), Sernageomín (2003), Ramos a
Ofqui Fault Zone.deformation is not restricted to the time of ridge subduction and
expressed doubts about the cause-effect relationship between
these two processes (Ray, 1996; Suárez and De La Cruz, 2000). In
fact, Suárez et al. (2000), Lagabrielle et al. (2007), and Scalabrino
et al. (2010) proposed that the main result of the Chile Ridge sub-
duction has not been compressional deformation, but fast regional
uplift related to extensional or transtensional tectonism.
The study of the Cenozoic geological evolution of the Patagonian
Andes is hampered by the erosion of most of theMesozoiceCenozoic
volcano-sedimentary cover, which resulted in extensive exposure of
the plutonic andmetamorphic basement (Thomson, 2002). However,
the hinterland area atw47S contains an almost complete Cenozoic
record of stratiﬁed rocks, which crop out east of the present volcanic
arc in the axial part of the Andean Cordillera at Meseta Guadal and in
the eastern ﬂank of this chain south of Chile Chico (Niemeyer, 1975;
Charrier et al., 1979; Flint et al., 1994; Suárez et al., 2000; De la Cruz
et al., 2004; Espinoza et al., 2005; De La Cruz and Suárez, 2006; De
la Cruz and Suárez, 2008) (Figs. 1e3). Sedimentary and volcanic
rocks in these areas are comprised of upper Paleoceneelower Eocene
ﬂuvial strataof theLigorioMárquezFormation,Eoceneﬂoodbasaltsof
the Basaltos Inferiores de la Meseta Chile Chico Formation, middle
Eoceneeupper Oligocene ﬂuvial strata of the San José Formation,
upper Oligoceneelower Miocene marine strata of the Guadal For-
mation, lower-middle Miocene ﬂuvial strata of the Santa Cruz For-
mation, and middle-late Miocene ﬂood basalts of the Basaltos
Superiores de la Meseta Chile Chico Formation (Fig. 4). The tectonic
setting of these strata, which constitute the most complete and well
preserved Cenozoic succession of the entire Patagonian Andes, is not
well understood, as noted by previous authors (e.g., Suárez and De La
Cruz, 2000; De la Cruz et al., 2003). Interestingly, the ﬂood basalts of
the Basaltos Inferiores and Superiores de la Meseta Chile Chico for-
mations have been attributed to slab windows opened during the
subduction of the Aluk-Farallón and Chile ridges during the Eocene
and Miocene respectively (Espinoza et al., 2005). Also relevant is the
presence of the marine strata of the Guadal Formation, as they
represent thewesternmost reachof the lateOligoceneeearlyMiocene
Atlantic “Patagonian” transgression that covered most of Patagonia
(Niemeyer, 1975; Ramos, 1982; Cuitiño et al., 2015).
In order to understand the geologic evolution of this particular
segment of the Andes, we studied the geochronology (U-Pb and
40Ar/39Ar), provenance, stratigraphy, sedimentology, and
geochemistry of the sedimentary and volcanic Cenozoic deposits
that crop out in the Meseta Guadal and Chile Chico areas of the
Central Patagonian Andes. Using our ﬁndings and previous geologic
studies in this region, we reconstruct the tectonic setting of this
region during the Cenozoic.
2. Geologic setting
There is not a widely accepted latitudinal geological division for
the Andean Cordillera of southern Chile and Argentina. Ramos and
Ghiglione (2008) proposed a limit between the Central and the
Patagonian Andes at 39S based principally on the presence of a
continuous batholith belt that characterizes the southern interval.
They farther subdivide the Patagonian Andes in a northern
(39Se43300S), central (43300Se46300S), and southern seg-
ments (46300Se56S). Other authors instead deﬁne a limit be-
tween the Patagonian and the Austral Andes at 47S (e.g., Melnick
et al., 2006). Independently of the classiﬁcation, there are signiﬁ-
cant geological differences between the Andean Cordillera northinset on the right-hand corner shows the divisions of the Andean Cordillera of south-
thern Patagonian Andes (NPA), the Central Patagonian Andes (CPA), and the Southern
nd Ghiglione (2008) and Encinas et al. (2016a,b) and references therein. LOFZeLiquiñe
Figure 2. Map of study area showing geologic units and the studied sections (black squares). See Fig. 1 for key to the geologic units.
Figure 3. Geological cross section from the Meseta Guadal (AeB) and Meseta Chile Chico (CeD) areas. See location of sections in Fig. 2.
A. Encinas et al. / Geoscience Frontiers 10 (2019) 1139e11651142and south of w47S. We follow here the division proposed by
Ramos and Ghiglione (2008).
Our study area is located in the southern part of the Central
Patagonian Andes, in the hinterland area between the present vol-
canic arc and the eastern limit of this chain (Fig. 1). The most
important geologic feature of this segment is the subduction of theChile Ridge, an active spreading center that forms a triple junction
between the Nazca, South American, and Antarctic plates. The Chile
Ridge collided with the southern tip of South America (55S) 14 Ma
ago and has since migrated northwards to its present location at the
Taitao Peninsula at w46S (Cande and Leslie, 1986). The principal
geological effects attributed to the subduction of the Chile ridge are
Figure 4. Stratigraphic chart showing the main Cenozoic geological units of the Central Patagonian Andes and those of the forearc and the retroarc at the same latitude. The chart
also shows the inferred tectonic contexts for the different areas (see text for further explanation). Colors represent the following kind of sedimentary rocks: marine rocks (blue),
ﬂuvial rocks (brown), lava ﬂows (pink), pyroclastic rocks (purple). Red arrows indicate compressional tectonics and green arrows extensional tectonics.
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South American plate that triggered the extrusion of extensive ﬂood
basalts (Ramos and Kay, 1992; Espinoza et al., 2005), subduction
erosion of the forearc (Bourgois et al., 1996), emplacement of the
Taitao ophiolite (e.g., Mpodozis et al., 1985; Anma et al., 2006), and
the occurrence of the highest mountains in the entire Patagonian
Andes (Mt. San Valentín, 4058 m a.s.l., and Mt. San Lorenzo, 3706 m
a.s.l.) (Lagabrielle et al., 2007). Also attributed to Chile Ridge sub-
duction by most authors is a major NeS-trending, dextral strike-slip
fault system referred to as the Liquiñe-Ofqui Fault Zone (LOFZ)
(Hervé, 1994). This fault system extends alongw1100 km from 47S,
immediately south of the Chile Triple Junction, to 38S at the locality
of Liquiñe. Its origin is debated, but it has been ascribed to the
indenter effect of the Chile Ridge by most authors (Forsythe and
Nelson, 1985; Thomson, 2002; Encinas et al., 2013).
The triple junction also marks an important limit in the distri-
bution of geologic units in the Patagonian Andes. North of the triple
junction, we can differentiate three distinct belts oriented in anapproximately NEeSW direction and characterized by the pre-
dominance of different rock units (Fig. 1). From west to east these
are: (1) a western belt composed mostly by a PaleozoiceTriassic
metamorphic complex (Hervé et al., 2003); (2) a central belt
composed, principally, by Jurassic, Cretaceous, Eocene andMiocene
plutonic rocks of the Patagonian Batholith (Pankhurst et al., 1999)
and less extensively by upper Oligoceneelower Miocene volcano-
sedimentary rocks of the Traiguén Formation (Hervé et al., 1995;
Encinas et al., 2016a); and (3) an eastern belt, where our study
area is located, mostly composed of Mesozoic and Cenozoic sedi-
mentary and volcanic rocks (Suárez and De La Cruz, 2000; Ramos
and Ghiglione, 2008). South of the triple junction, the Miocene to
Pliocene rocks of the Taitao Ophiolite crop out in the Peninsula Tres
Montes (Mpodozis et al., 1985) while a large bay known as the Golfo
de Penas extends to the south between 47S and 48S. South of the
Golfo de Penas, the western belt of PaleozoiceTriassic rocks dis-
appears and the plutonic rocks of the Patagonian Batholith reach
the Paciﬁc coast. In addition, south of 47S the eastern belt is
A. Encinas et al. / Geoscience Frontiers 10 (2019) 1139e11651144
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the Meso-Cenozoic cover of sedimentary and volcanic rocks is
limited to small outcrops.
In the extra-Andean region, east of the Patagonian Andes, and
along the eastern foothills of this chain, early to middle Miocene
synorogenic deposits predominate (Lagabrielle et al., 2004; Ramos
and Ghiglione, 2008). These rocks are locally overlain by late
middle to late Miocene ﬂood basalts (Ecosteguy et al., 2003), and by
late Miocene to Quaternary glacial and ﬂuvioglacial deposits
(Lagabrielle et al., 2010). In this area,w200 km east of the Andean
Cordillera, a mountain range known as the San Bernardo fold and
thrust belt exposes Mesozoic and Cenozoic rocks and constitutes
the central part of the 600 km long Patagonian broken foreland
(Bilmes et al., 2013; Gianni et al., 2015).
3. Cenozoic stratigraphy
Cenozoic deposits of sedimentary and volcanic origin crop out in
the Central Patagonian Andes and the extra-Andean region in
eastern Chile and western Argentina. The most complete Cenozoic
records occur in the Meseta Guadal and Chile Chico areas
(Figs. 1e5). TheMeseta Guadal (also known as theMeseta Cosmelli)
is an uplifted syncline bounded by reverse faults and located be-
tween the Lago General Carrera and the Río Chacabuco (De la Cruz
et al., 2004, 2006) (Figs. 1e3). The Meseta Guadal succession con-
stitutes the only record of Cenozoic deposits located near the axial
part of the Patagonian Andes. It is comprised of Cenozoic sedi-
mentary and volcanic strata that overlie older Paleozoic and
Mesozoic rocks (De la Cruz et al., 2004, 2006). The Cenozoic rocks,
from base to top, form a concordant succession including ﬂuvial
strata of the San José Formation, marine deposits of the Guadal
Formation, and ﬂuvial strata of the Santa Cruz Formation (De La
Cruz and Suárez, 2006) (Figs. 2e4). The Chile Chico succession is
mostly exposed in a plateau located south of this locality and
northeast of Meseta Guadal (Figs. 1e3). The plateau is bounded to
the east by a reverse fault referred to as the Jeinemeni Fault and
comprises a concordant succession of Cenozoic sedimentary and
volcanic strata that overlie Mesozoic rocks (De la Cruz and Suárez,
2008). The Cenozoic record, from base to top, consists of ﬂuvial
deposits of the Ligorio Márquez Formation, basaltic rocks of the
Basaltos Inferiores de la Meseta Chile Chico (BIMCC) Formation,
marine strata of the Guadal Formation, and basaltic rocks of the
Basaltos Superiores de la Meseta Chile Chico (BSMCC) Formation
(De la Cruz and Suárez, 2008) (Fig. 4). East of the Jeinemeni fault the
stratigraphy differs slightlydthe Santa Cruz Formation overlies the
Guadal Formation and underlies the basalts of the Meseta Lago
Buenos Aires Formation, which is correlative with the BSMCC For-
mation (Ecosteguy et al., 2003; De la Cruz and Suárez, 2008) (Fig. 4).
We describe the principal characteristics of the Cenozoic units of
the study area in the following section.
3.1. Ligorio Márquez Formation
The Ligorio Márquez Formation is a ﬂuvial succession that crops
out at the Chile Chico area (Figs. 2e4). This unit was considered as
part of the marine Guadal Formation by Niemeyer (1975). SuárezFigure 5. Representative sections from the Meseta Guadal (Pampa Guadal and Pampa Castill
that vertical scales differ. Acronyms for the different units are: MB: metamorphic basement, T
Meseta Chile Chico Formation, SJ: San José Formation, GU: Guadal Formation, SC: Santa Cruz
(6) tuff, (7) basalt. Sedimentary structures: (8) trough cross-bedding, (9) planar cross-bedd
bedding, (14) imbricated clasts, (15) intraclasts. Fossils: (16) oysters, (17) bivalves, (18) gastr
(24) wood. Trace Fossils: (24) Thalassinoides, (25) Ophiomorpha, (26) Paleophycus, (27) Rhiz
sifungites ichnofacies. Grain size: C: clay, Sl: silt, Fs: ﬁne sand, Ms: medium sand, Cs: coa
nonconformity, AU: angular unconformity, PC: paraconformity, T: transitional contact.et al. (2000) separated the ﬂuvial deposits from the marine suc-
cession and deﬁned the Ligorio Márquez Formation in the epony-
mous area southwest of Chile Chico. De la Cruz et al. (2004)
correlated the lower part of the ﬂuvial succession at Meseta Gua-
dal with the Ligorio Márquez Formation, but our studies indicate
that it corresponds to the younger San José Formation (see section
3.3). The Ligorio Márquez Formation shows an angular unconfor-
mity with the underlying Upper JurassiceLower Cretaceous strata
of the El Toqui Formation (Fig. 6A), a disconformity with Lower
Cretaceous strata of the Divisadero Formation and a disconformity
with the overlying BIMCC Formation (De la Cruz and Suárez, 2008).
The Ligorio Márquez Formation has been classically considered as
early Paleocene based on its fossil ﬂora (Troncoso et al., 2002).
The Ligorio Márquez Formation is w60 m thick and consists of
conglomerate, sandstone, mudstone, and coal (Fig. 5). The lower half
of the succession is dominated by sandstone and conglomerate with
minor intercalations of mudstone and is interpreted as having been
deposited in a braided ﬂuvial environment (Fig. 6B). Erosive contacts
are common and indicate amalgamation of ﬂuvial channels. Sand-
stone predominates and shows trough and planar cross-bedding
(Fig. 6C). Conglomerates are clast-supported, moderately sorted,
and contain cm-scale sub-rounded clasts composed of quartz, tuff,
lava, meta-quartzite, and mudstone. Mudstone beds are rarer and
typically centimeters to decimeters thick. They contain paleosols,
root traces, and fossil leaves and wood. The upper half of the Ligorio
Márquez Formation shows facies associations characteristic of a
meandering ﬂuvial system. This part of the succession is dominated
by ﬂoodplain deposits and consists of mudstone, sandstone, and coal
(Fig. 6D,E). Fossil leaves and wood are abundant in this interval
(Troncoso et al., 2002). Paleocurrent analysis in this unit indicates a
SSE direction (De la Cruz and Suárez, 2008).3.2. Basaltos Inferiores de la Meseta de Chile Chico formation
The BIMCC Formation crops out in the Chile Chico area. This unit
was originally deﬁned as the Mantos de Basalto and subsequently
correlated with the basalts of the Meseta Lago Buenos Aires For-
mation that crop out in Argentina (Charrier et al., 1979). Subse-
quently, it was named as Basaltos Inferiores de la Meseta Chile
Chico by Espinoza and Morata (2003) and as Secuencia Basáltica
Inferior by Espinoza et al. (2005). Because the ﬁrst name was used
in the geological map of the area (De la Cruz and Suárez, 2008), we
follow that designation.
The BIMCC Formation overlies the Ibáñez (Upper
JurassiceLower Cretaceous), El Toqui (Upper JurassiceLower
Cretaceous), Divisadero (Lower Cretaceous), and Ligorio Márquez
(early Paleocene) formations (Figs. 5 and 6E). The contact with the
Mesozoic units has been deﬁned as a disconformity or an angular
unconformity by De la Cruz and Suárez (2008). The contact with the
Ligorio Márquez Formation is semi-covered but was deﬁned as
disconformable by De la Cruz and Suárez (2008). It shows a para-
conformity with the overlying Guadal Formation and the BSMCC
Formation.
The BIMCC Formation is up to w350 m thick and consists of
basaltic lava ﬂows and minor peridotite xenolith-bearing basanitic
necks (Espinoza et al., 2005; De la Cruz and Suárez, 2008). Eruptedo sections) and Chile Chico (Ligorio Márquez section) areas (see Fig. 2 for location). Note
Q: El Toqui Formation, LM: Ligorio Márquez Formation, BIMCC: Basaltos Inferiores de la
Formation. Lithology: (1) schist, (2) conglomerate, (3) sandstone, (4) siltstone, (5) coal,
ing, (10) tidal bundles, (11) parallel lamination, (12) asymmetrical ripples, (13) ﬂaser
opods, (19) brachiopods, (20) echinoderms, (21) bryozoans, (22) vertebrates, (23) leafs
ocorallium, (28) Asterosoma, (29) insect traces, (30) undetermined burrows, (31) Glos-
rse sand, G: granule gravel, Pc: pebble gravel, Cc: cobble gravel. Contact types: NC:
Figure 6. Characteristic features from the Cenozoic deposits of the Meseta Guadal and Chile Chico areas. (A) Angular unconformity between the El Toqui (TQ) and the Ligorio
Márquez (LM) formations near Mina Ligorio Márquez, southwest of Chile Chico. Photos BeF are from the same area. (B) Cross-bedded sandstone, minor conglomerate and siltstone
from the lower part of the Ligorio Márquez Formation. (C) Detail of cross-bedded sandstones. (D) Detail of coal bed from the ﬂoodplain facies of the upper part of the Ligorio
Márquez Formation. (E) Concordant contact (covered) between the Ligorio Márquez (LM) and the Basaltos Inferiores de la Meseta Chile Chico (BIMCC) formations. Note pre-
dominance of amalgamated channel bodies in the lower part of the Ligorio Márquez Fomation and ﬂoodplain facies in the upper part of this unit. (F) Thin section of a basalt from the
lower part of the BIMCC Formation showing olivine phenocrysts within a plagioclase, clinopyroxene-rich groundmass. (G) View of the San José (SJ) and Guadal (GU) formations at
Pampa Castillo (the Santa Cruz Formation is not visible in this view). (H) Cross-bedded basal conglomerate of the San José Formation at Pampa Castillo. (I) View of the San José (SJ)
and basal part of the Guadal (GU) formations at Pampa Guadal. Note ﬂoodplain (Fp), channel (Ch) and tuff (Tf) facies associations of the San José Formation, in ascending order. (J)
Coal bed from the San José Formation at Pampa Castillo. (K) Crystalline tuff of the San José Formation at Pampa Castillo, showing typical juvenile and embedded quartz fragments in
a glassy matrix. This sample (PCA6) was dated at 40.6 Ma. (L) Basalt from the San José Formation at Pampa Guadal (sample LFOS-4) showing olivine phenocrysts within an
intergranular groundmass.
A. Encinas et al. / Geoscience Frontiers 10 (2019) 1139e11651146rocks consist of nepheline-normative olivine basalts with minor
hypersthene-normative tholeiites, trachybasalts and basanites
(Espinoza et al., 2005). They have an alkaline and relatively prim-
itive composition and a marked OIB-like signature, reﬂecting deep
mantle origin (Espinoza et al., 2005). Most radiometric ages (K/Ar)
for this unit are in the interval 55e40 Ma (see Espinoza et al., 2005
and references therein).3.3. San José formation
The San José Formation is a ﬂuvial succession that crops out in
the Meseta Guadal area (Figs. 2, 3, 5, and 6G) and was considered
as part of the marine Guadal Formation by Niemeyer (1975). Flint
et al. (1994) deﬁned the San José Formation and separated this
unit from the overlying Guadal Formation. Ray (1996) included
A. Encinas et al. / Geoscience Frontiers 10 (2019) 1139e1165 1147the ﬂuvial deposits of the Chile Chico area in the San José For-
mation. De la Cruz et al. (2004) divided the ﬂuvial succession of
Meseta Guadal into a lower Ligorio Marquez Formation and an
upper San José Formation based on the presence of more abun-
dant volcanic rocks and clasts in the latter. Our geochronology
indicates that the Ligorio Márquez Formation, which was origi-
nally deﬁned by Suárez et al. (2000) in the Chile Chico area, is
older than the ﬂuvial succession of Meseta Guadal (see sections 4
and 7.1). For this reason, we maintain the name of San José For-
mation originally proposed by Flint et al. (1994). The San José
Formation shows a nonconformity with Paleozoic metamorphic
rocks of the Complejo Metamórﬁco Andino Oriental, an angular
unconformity (?) with Upper JurassiceLower Cretaceous rocks of
the Ibáñez Formation, and a paraconformity with Upper
JurassiceLower Cretaceous of the El Toqui Formation. It also
overlies basaltic volcanic or subvolcanic rocks at the southeastern
part of Meseta Guadal that were tentatively assigned to the
Eocene by De La Cruz and Suárez (2006). The unit para-
conformably or transitionally underlies the Guadal Formation.
The San José Formation has been classically considered as lower
Eocene based on its fossil ﬂora (De La Cruz and Suárez, 2006).
The San Jose Formation is up to 250 m thick (Fig. 5) and con-
sists of conglomerate (Fig. 6H), sandstone, mudstone, and coal.
This unit shows ﬂuvial channel and ﬂoodplain facies associations
that are typical of meandering ﬂuvial systems (Fig. 6I). Channels
are up to 10 m thick, tens of m long, have erosive bases, and
consist of ﬁning- and thinning-upward successions of massive
and cross-bedded conglomerates and sandstones. Some of these
channels show lateral accretion surfaces. Conglomerates are clast-
supported, moderately sorted, and contain cm-diameter sub-
rounded clasts composed mostly of quartz, metamorphic rocks,
and volcanic rocks. Floodplain facies associations consist of
alternating mudstone and sandstone. Beds are typically tabular
and decimeters thick. Locally, mudstone strata contain paleosols,
root traces, fossil leaves and wood, and coal intercalations (Fig. 6J).
In the Pampa Castillo section, the lower part of the San José For-
mation is dominated by amalgamated channel deposits ﬁlled by
conglomerate and sandstone, with rare mudstone beds. This part
of the succession is interpreted as deposited in a braided ﬂuvial
environment. Volcanic tuffs and breccias are sporadically inter-
bedded with sandstones and mudstones in the lower part of the
San José Formation. In contrast, volcanic material is dominant in
the upper part of this unit where tuff becomes the prevailing li-
thology (Fig. 6K), with a few intercalations of basaltic rocks (lavas
and possible sills) (Fig. 6L), while conglomerates are composed
primarily of clasts of andesite, basalt, and pumice. In the upper-
most part of the San José Formation at the Pampa Guadal section,
we observed a thin coal layer overlain by a siltstone bed below the
contact with the overlying Guadal Formation. Paleocurrent anal-
ysis in this unit indicates dominantly W and S transport directions
(De La Cruz and Suárez, 2006).
3.4. Guadal Formation
The Guadal Formation was originally deﬁned by Heim (1940) as
the Mesa Guadal Formation and later renamed by Niemeyer (1975)
as the Guadal Formation. This unit crops out at Meseta Guadal and
has more limited exposures south of Chile Chico (Niemeyer, 1975;
De La Cruz and Suárez, 2006). At Meseta Guadal, the Guadal For-
mation is paraconformable or transitional with the underlying San
José Formation (Figs. 5, 6I and 7A,B) and transitional with the
overlying Santa Cruz Formation. In the area south of Chile Chico, the
Guadal Formation paraconformably (?) overlies the
PaleoceneeEocene BIMCC Formation (Fig. 5), disconformably (?)
underlies the BSMCC Formation, and transitionally underlies theSanta Cruz Formation east of the Jeinemeni Fault. Frassinetti and
Covacevich (1999) interpreted the fauna of the Guadal Formation
as late Oligoceneeearly Miocene and of Atlantic origin based on its
correlation with that of the Monte León Formation of Argentina.
The Guadal Formation is a fossiliferousmarine unit up tow100m
thick that consists of sandstone, siltstone, and minor limestone. This
unit contains a rich biota that includes gastropods, bivalves, bra-
chiopods, solitary corals, echinoderms, bryozoans, sharks, whales,
and leaves (Frassinetti and Covacevich,1999; Flynn et al., 2002; De La
Cruz and Suárez, 2006) (Fig. 7CeE). The Guadal Formation reﬂects a
transgressiveeregressive cycle. The basal contact of this unit shows
abundant traces of Thalassinoides developed in siltstones from the
top of the underlying San José Formation and inﬁlled by sand form
the overlying Guadal Formation. This bioturbated horizon is char-
acteristic of the Glossifungites ichnofacies (Fig. 7B) and marks the
initial stage of themarine transgression. The lower part of the Guadal
Formation consists on sandstone and siltstone and shows facies as-
sociations indicative of tidal inﬂuence and characteristic of estuarine
or tidal ﬂat environments. This interpretation (see also Flint et al.,
1994; De La Cruz and Suárez, 2006) is based in the presence of
tidal bundles, ﬂaser structures, banks of oysters in life position
(Fig. 7C), abundant leaves, scarce bioturbation, and a low diversity
marine fauna dominated by oysters with minor bivalves and gas-
teropods. The middle part of the Guadal Formation shows facies
associations characteristic of a more openmarine environment. They
consist of ﬁne-grained sandstones and siltstones that locally show an
abundant and diverse biota dominated by bivalves, gastropods,
bryozoans, solitary corals, echinoderms, and foraminifera. Sand-
stones show facies typical of the lower shoreface as they are typically
ﬁne-grained,massive, and highly bioturbated showing trace fossils of
Asterosoma isp., Rosselia isp., Chondrites isp, Paleophycus isp., Rhizo-
corallium isp., and Planolites isp. (Fig. 7F). They locally show storm
beds composed of disarticulated and broken shells mostly of oysters
and secondarily of other species of bivalves and gastropods. Silt-
stones aremassive or laminated and bivalve fossils commonly appear
entire and articulated, suggesting preservation in life position or
slight transport. These facies are characteristic of shelf deposits
dominated by settling processes below storm wave base and repre-
sent the maximum depth achieved by the “Patagonian sea” in this
region. The upper part of the Guadal Formation is also tidal-
dominated, as indicated by the occurrence of mega-ripples, tidal
bundles, ﬂaser bedding (Fig. 7G), bimodal paleocurrent directions,
scarce bioturbation, oyster banks, and scarce, low-diversity marine
fauna.
3.5. Santa Cruz Formation
Early-middle Miocene ﬂuvial synorogenic deposits extend from
the Andean front to the Atlantic coast of Patagonia. At the Central
Patagonian Andes, these deposits were deﬁned in western
Argentina as the Río Zeballos Group by Ugarte (1956) and in Chile
as the Río Zeballos Formation by Niemeyer (1975), the Galera For-
mation by Niemeyer et al. (1984), and the Santa Cruz Formation by
De la Cruz et al. (2004) and De la Cruz and Suárez (2008). Although
the stratigraphy of these continental deposits needs to be reﬁned,
we will use the name Santa Cruz Formation proposed by De la Cruz
et al. (2004) and De la Cruz and Suárez (2008). The Santa Cruz
Formation transitionally overlies the Guadal Formation at Meseta
Guadal (Figs. 5 and 7H) and in the Chile Chico area, east of the
Jeinemeni Fault. At this locality, it shows an angular unconformity
with the overlying late MioceneePliocene basalts of the Meseta
Lago Buenos Aires Formation, whereas at Meseta Guadal the top of
this formation is not exposed.
The Santa Cruz Formation is up tow1000 m thick (De la Cruz et
al., 2004) and consists of sandstone, mudstone, and minor
Figure 7. Characteristic features from the Cenozoic deposits of the Meseta Guadal and Chile Chico areas (continuation). (A) Concordant contact between the San José (SJ) and Guadal
(GU) formations at Estero Las Dunas. (B) Detail of the contact showing Thalassinoides ichnospecies (Th) developed in siltstones of the San José Formation and inﬁlled by sand form
the overlying Guadal Formation. This bioturbated horizon is characteristic of the Glossifungites ichnofacies. (C) Oyster bank at the basal part of the Guadal Formation at Las
Horquetas. (D) Bivalves and echinoderm (left of the coin) of the Guadal Formation at Pampa Castillo. (E) Echinoderm of the Guadal Formation at Pampa Castillo. (F) Highly bio-
turbated sandstone of the Guadal Formation at Pampa Castillo. (As) Asterosoma isp. (Ph) Paleophycus isp. (G) Flaser bedding in strata of the upper part of the Guadal Formation at
Pampa Castillo (H) Transitional contact between the Guadal (GU) and the Santa Cruz (SC) formations at Pampa Castillo. (I) Sandstones and siltstones of the Santa Cruz Formation at
Quebrada Honda, Chile Chico area. Note channel sandbodies and a dike crosscutting the sedimentary successions. (J) Detail of channel sandbody (base indicated by arrow) and
ﬂoodplain facies. Note dark-colored paleosoil below the contact. (K) Detail of root traces from ﬂoodplain silty facies. (L) Detail of insect trace, probably Celliforma or Fictovichnus.
A. Encinas et al. / Geoscience Frontiers 10 (2019) 1139e11651148conglomerate and tuff. This unit presents ﬂuvial channel and ﬂood-
plain facies associations that are typical of meandering ﬂuvial sys-
tems. Channel deposits consist of lenticular bodies a fewmeters thick
and 10s of meters long that show erosive bases (Fig. 7I and J). These
channel bodies are composed of sandstone and conglomerate with
trough and planar cross-bedding, and parallel lamination.
Conglomerate is scarcer than sandstone, clast-supported,moderately
sorted, and contains sub-rounded clasts centimeters in diametercomposed of quartz, volcanic rocks, and minor mudstone intraclasts.
Floodplain deposits are predominant in the lower part of the Santa
Cruz Formation and consist of interbedded sandstone andmudstone.
Beds are typically tabular, laterally continuous, and decimeters thick.
Mudstone beds contain paleosols (Fig. 7J), root traces (Fig. 7K),
diagenetic concretions, insect traces (Fig. 7L), and locally fresh-water
bivalves of the Diplodon genus (De La Cruz and Suárez, 2006).
Sandstones are typicallymassive or contain asymmetric ripplemarks
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are evenly intercalated in ﬂoodplain deposits. This unit shows syn-
orogenic growth strata (Lagabrielle et al., 2004; De La Cruz and
Suárez, 2006). The Santa Cruz Formation at Meseta Guadal has
been assigned to the early Miocene based on the presence of verte-
brate fossils characteristic of the Santacrucian SALMA (Flynn et al.,
2002). Radiometric dating of the Santa Cruz Formation and
younger synorogenic units in the Central and Southern Patagonian
Andes indicate an age range betweenw19 Ma and 12 Ma (De Iuliis
et al., 2008; Rivas et al., 2015; Suárez et al., 2015; Cuitiño et al.,
2016; Encinas et al., 2016b). Paleocurrent analysis in this unit in-
dicates an ESE transport direction (De La Cruz and Suárez, 2006).
3.6. Basaltos Superiores de la Meseta Chile Chico Formation
The BSMCC Formation crops out in the Chile Chico area. It was
originally correlatedwith the basalts of theMeseta Lago Buenos Aires
Formation (Charrier et al., 1979; Niemeyer et al., 1984) and subse-
quently named as the Upper Basaltic Sequence (Espinoza et al.,
2005). De la Cruz and Suárez (2008) redeﬁned this unit as the
Basaltos Superiores de la Meseta Chile Chico Formation. The BSMCC
Formation disconformably (?) overlies the late Oligoceneeearly
Miocene Guadal Formation and conformably underlies the Pliocene
Basaltos Pico Sur Formation (De la Cruz and Suárez, 2008). The for-
mation is up tow350m thick and consists principally on basaltic lava
ﬂows and necks (Espinoza et al., 2005; De la Cruz and Suárez, 2008).
Erupted rocks are basalts, basanites, trachybasalts, basaltic tra-
chyandesites, and rhyolites, mostly nepheline- and olivine-
normative and minor hypersthene-normative (Espinoza et al.,
2005). Geochemically, basalts show mostly alkaline and tholeiitic
compositions, whereas rhyolites belong to the high-K calc-alkaline
series (Espinoza et al., 2005). Maﬁc lavas of this unit showanOIB-like
signature, which reﬂects a deep mantle origin for these primitive
magmas (Espinoza et al., 2005). Most published radiometric ages for
the BSMCC range between 12 Ma and 7 Ma (De la Cruz and Suárez,
2008 and references therein), with one single older age of
16.0  0.5 Ma (Charrier et al., 1979).
4. U-Pb geochronology
In order to improve the chronological framework for the
deposition and provenance of the Cretaceous and Cenozoic units
that crop out at theMeseta Guadal and Chile Chico areas, we carried
out U-Pb geochronology on nine samples of sedimentary and vol-
canic rocks, including sandstones, conglomerates, and tuffs from
the El Toqui, Ligorio Márquez, San José, and Guadal formations.
4.1. Analytical method
Zircon crystals from the selected samples were extracted at
ZirChron LLC, Tucson AZ, following traditional mineral separation
methods. Zircons from the non-magnetic fraction and standards
were mounted in a 1-inch diameter epoxy puck and slightly grin-
ded and polished to expose the surface while keeping as much
material as possible for laser ablation analyses. After CL imaging,
LA-ICP-MS U-Pb analyses were conducted at Washington State
University using a NewWave Nd:YAG UV 213-nm laser coupled to a
ThermoFinnigan Element 2 single collector, double-focusing,
magnetic sector ICP-MS. Operating procedures and parameters
were similar to those described in detail in Chang et al. (2006) and
Gaschnig et al. (2010). Laser spot size, ﬂuence, and repetition rate
were 30 mm, 7 J/cm2 and 10 Hz, respectively. He and Ar carrier gases
delivered the sample aerosol to the plasma. Each analysis consists
of a short blank analysis followed by 250 sweeps through masses
202, 204, 206, 207, 208, 232, 235, and 238, taking approximately30 s. Time-independent fractionationwas corrected by normalizing
U/Pb and Pb/Pb ratios of the unknowns to the zircon standards
(Chang et al., 2006). U and Th concentrations were monitored by
comparing to 91500 zircon standard. Two zircon standards were
used: Plesovice, with an age of 338 Ma (Sláma et al., 2008) and Fish
Canyon Tuff, with an age of 28.4 Ma (Schmitz and Bowring, 2001).
Common Pb was corrected using the 207Pb method (Williams,
1998). U-Pb zircon ages were calculated as follows, the youngest
age group was recognized (more than three analyses overlapping
within the error, Gehrels et al., 2006). Then the 206Pb/238U age was
calculated from this group using the TuffZirc algorithm (Isoplot,
Ludwig, 2003). Age errors were reported using the propagation of
errors of quadratic sum of the analytical error plus the systematic
error for that set of analyses (Valencia et al., 2005). Analyses
rejected from the TuffZirc algorithm because they are signiﬁcantly
younger or older, were discarded from the age calculation.
4.2. Results
In order to determine the age and zircon provenance of volcanic
and sedimentary rocks we analyzedw50 to 100 zircon crystal per
sample respectively. Results from the LA-ICPMS zircon U-Pb isotope
analyses are presented in Table DR1. The calculated age of sand-
stones and conglomerates is considered themaximum depositional
age. After a careful petrographic study of the tuffs we interpret
them to be primary pyroclastic deposits with no reworking,
therefore we consider their calculated age as the age of the
magmatic event. Their main petrographic features include angular
crystal fragments, juvenile quartz fragments with embayments,
corrosion features between the crystals and the matrix, and an
exclusively vitreous matrix with no epiclastic components. A
summary of the calculated ages determined by 206U/238Pb Tuffzirc
ages and other age groups are presented in Table 1. Probability
density age distribution and TuffZirc age plots are presented in
Figs. 8 and 9. Location of samples within the stratigraphic columns
is indicated in Fig. 5.
Zircons from these samples are clear and colorless. They display
a variety of morphologies, but are mainly long euhedral crystals
dominated by long, prominent bi-pyramidal terminations; minor
proportions of subhedral to subrounded zircon crystals are present.
Cathodoluminescence images show oscillatory to sector zoning,
indicating a simple growth history.
We collected a tuff sample (PCD15-6) from strata of the upper
part of the El Toqui Formation at the Pampa Castillo section in
Meseta Guadal. The sample yielded age ofw134  2 Ma (n ¼ 22 of
48). Older single ages ranging from 454 Ma to 1199 Ma probably
correspond to recycled zircons derived from the metamorphic
basement.
Sample LMAR-5 is a sandstone from strata of the upper part of
the El Toqui Formation at the Chile Chico area. It yielded a
maximum depositional age ofw127 þ 2/4 Ma (n ¼ 6 of 104) with
a prominent Jurassic (188Ma) age peak. There are no Lower Jurassic
rocks in the Central Patagonian Andes. Rocks of that age crop out in
regions of the extra-Andean domain (see Pankhurst et al., 2000),
but are located too far to the northeast to constitute a reliable
source area. The 188 Ma zircons could derive from the Upper
JurassiceBerriasian (152e142 Ma) Ibáñez Formation or the 153 Ma
Río Blanco granite, which are the oldest Jurassic rocks in the area
(De la Cruz and Suárez, 2008). This could indicate that some of
these units are older than currently considered but this notion
should be conﬁrmed by further studies.
We collected two samples from sandstones of the Ligorio Már-
quez Formation in the Chile Chico area. Sample LMAR-2, from the
lower part of the unit, yielded a maximum depositional age of
w75 þ 1/2 Ma (n ¼ 4 of 118), with major peaks at 82 Ma, 117 Ma
Table 1
Summary of calculated U-Pb zircon ages and other age groups.





PCD15-6 El Toqui Tuff Pampa Castillo 133.9  1.9
LMAR-5 El Toqui Sandstone Ligorio Márquez 126.5 þ 2.3/4.2 188
LMAR-2 Ligorio Márquez Sandstone Ligorio Márquez 74.7 þ 0.8/1.9 82, 117, 185
LMD15-1 Ligorio Márquez Sandstone Ligorio Márquez 79.5 þ 4.0/3.9 115, 143, 177
PGD15-2 San José Tuff Pampa Guadal 38.8  0.6 107, 137
PCA-6 San José Tuff Pampa Castillo 40.6  0.5 131
MGUADAL-2 San José Pumice rich
sandy conglomerate
Pampa Castillo 28.3 þ 0.5/0.4
PCA4 Guadal Sandstone Pampa Castillo 23.4  1.0 82, 115
MGUADAL-3 Guadal Sandstone Pampa Castillo 19.8 þ 0.3/0.4 34, 125
A. Encinas et al. / Geoscience Frontiers 10 (2019) 1139e11651150and 185Ma. Sample LMD15-1, from the upper part of the formation,
yielded a maximum depositional age ofw80 4.0 Ma (n¼ 6 of 55),
and major age populations at 115 Ma, 143 Ma, and 177 Ma. The 185
Ma, 177 Ma, and 143 Ma peaks could derive from the Ibáñez For-
mation, which crops out to the east andwest of the LigorioMárquez
Formation, or the Río Blanco granite, which is exposed in a small
areawest of this unit (see previous). The 117Ma and 115Ma zircons
likely derive from the Aptian Divisadero Formation, which un-
derlies the Ligorio Márquez Formation. The 82 Ma, 80 Ma, and
75 Ma groups are probably derived from Upper Cretaceous sub-
volcanic rocks that crop out to the southwest of the Chile Chico area
(see De la Cruz et al., 2004; De la Cruz and Suárez, 2008). These data
do not indicate a precise provenance area for the Ligorio Márquez
Formation but the location of some of the possible source rocks (the
Río Blanco granite and the Upper Cretaceous subvolcanic rocks)
suggests a western origin.
We obtained three samples from the San José Formation at
Meseta Guadal. Sample PGD15-2 is a tuff from the base of this unit
at the Pampa Guadal section and yielded an age of w39  0.6 Ma
(n ¼ 33 of 52), plus two peaks of 107 Ma and 137 Ma. Sample PCA6
is also a tuff from the middle to upper part of the San José For-
mation at the Pampa Castillo section that yielded an age of
w41  0.5 Ma (n ¼ 87 of 94) and a small group peak at 131 Ma.
Sample MGUADAL-2 is a sandy conglomerate with abundant
pumice clasts from the upper part of the San José Formation in the
Pampa Castillo section that yielded a maximum age of
w28 0.5 Ma (n¼ 69 of 75) and six individual ages that range from
38 Ma to 614 Ma. The 137 Ma and 131 Ma zircons likely derive from
the Tithonian-Valanginian El Toqui Formation, which underlies the
San José Formation and crops out to the SE of this unit. The 107 Ma
group could derive from plutonic rocks that crop out to the east,
north, and south of Meseta Guadal. The 41 Ma and 39 Ma pop-
ulations could be related to volcanic and subvolcanic rocks that
crop out principally to the east and also to the south of Meseta
Guadal (either from contemporaneous explosive volcanism or
erosion of these rocks). The youngest 28 Ma zircons could be
related to basaltic subvolcanic rocks that crop out to the south of
Meseta Guadal (see De la Cruz et al., 2004; De La Cruz and Suárez,
2006). Based on the location of some of the possible source rocks
(e.g., El Toqui Formation or the Eocene subvolcanic rocks) the
provenance area for the San José Formation sediments appears to
have been located east of Meseta Guadal.
Finally, we collected two samples from the Guadal Formation at
the Pampa Castillo section. Sample PCA4 is a sandstone from the
base of this unit that yielded a maximum late Oligoceneeearly
Miocene age (w23  1 Ma, n ¼ 5 of 106) and peak ages at 82 Ma
and 115Ma. Sample MGUADAL-3 is a sandstone from the top of the
Guadal Formation that yielded an early Miocene maximum
depositional age (w20 0.4Ma, n¼ 25 of 111) with two importantage peaks at 34 Ma and 125 Ma. The oldest peak of 125 Ma could
derive from the Patagonian batholith to the west of Meseta Guadal
or the Hauterivian-Atpian Apeleg Formation to the south and to
the east. The 115 Ma zircons could derive from plutonic rocks to
the north or from the Divisadero Formation to the east. The 82 Ma
peaks from plutonic rocks to the southwest. The 34 Ma group
could derive from volcanic and subvolcanic rocks that crop out
principally to the east and secondarily to the south of Meseta
Guadal, or this group could be derived from the erosion of the San
José Formation strata. The 23 Ma and 20 Ma groups could be
related to basaltic and dacitic subvolcanic rocks that crop out to
the south and east of Meseta Guadal. As with the San José For-
mation, the location of some of the possible source rocks (Divi-
sadero Formation, Eocene and Oligo-Miocene volcanic and
subvolcanic rocks) suggests an eastern origin for the Guadal For-
mation sediments.
5. 40Ar/39Ar geochronology
In order to determine the age of the BIMCC Formation we dated
a basalt from the base of this unit at Mina Ligorio Márquez with the
40Ar/39Ar whole rock method.
5.1. Analytical method
40Ar/39Ar geochronology was performed at the USGS Argon
Geochronology facility in Denver, CO, USA. A whole rock basalt
sample was crushed, and 1.0e1.7 mm diameter pieces were
washed, handpicked for analysis under a binocular microscope, and
loaded into Al discs together with the neutron ﬂux monitor, Fish
Canyon sanidine (FCs). Discs were wrapped in Al foil and sealed
under vacuum in a quartz glass vial, which was wrapped in Cd foil.
The package was irradiated for 20 h at the 1 MW USGS TRIGA
reactor. Samples and standards were analyzed on a Thermo Sci-
entiﬁc ARGUS VI mass spectrometer at the USGS Argon Geochro-
nology Laboratory in Denver, Colorado, on 23 Dec 2016. Gas release
was accomplished by heating using a Photon Machines 50 W CO2
laser. Noble gas puriﬁcation was achieved with SAES getters and a
cryogenic trap. Argon isotopes were detected using four Faraday
detectors (40Ar, 39Ar, 38Ar, and 37Ar) and one ion counter (36Ar), and
measured abundances were determined using the MassSpec soft-
ware package (authored by Al Deino, Berkeley Geochronology
Center). Full argon isotope data, corrected for baselines, back-
grounds, mass discrimination, detector intercalibration, nucleo-
genic interferences, and decay, are provided in Table DR2.
Background measurements were run every two analyses. Back-
grounds were ﬁt with a weighted mean  1 standard deviation.
Discrimination and 40Ar/36Ar detector intercalibration factors were
determined via a long-term average of measurements of three air
Figure 8. U-Pb ages and probability density plots for detrital zircon samples from the El Toqui, Ligorio Márquez, and San José formations.
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40Ar/36Ar value of Lee et al. (2006). Samples were co-irradiated
with FCs and ages were calculated using an age for FCs of
28.2010.023 (1s) (Kuiper et al., 2008). Decay constants usedwere
those of Min et al. (2000) for 40K, and Stoenner et al. (1965) for 37Arand 39Ar. Nuclear interference production ratios for (40Ar/39Ar)K,
(36Ar/37Ar)Ca, and (39Ar/37Ar)Ca are based on measurements of
potassium-rich glass and CaF2 co-irradiated with samples; other
interferences were corrected using values for Cd-shielded ﬁssion-
spectrum neutrons from Renne et al. (2005).
Figure 9. U-Pb ages and probability density plots for detrital zircon samples from the
San José and Guadal formations.
Figure 10. 40Ar/39Ar results for BIMCC Formation sample 15LJ70 from the Ligorio
Márquez section, including the (A) argon release spectra and (B) inverse isochron.
A. Encinas et al. / Geoscience Frontiers 10 (2019) 1139e116511525.2. Results
We sampled fresh basalt (sample 15LJ70) from a ﬂow at the
base of the BIMCC Formation overlying an exposed section of the
Ligorio Márquez Formation near the Mina Ligorio Márquez lo-
cality (46.8S, 71.8W). This locality (Fig. 2) lies southwest of Chile
Chico and was described by Suárez et al. (2000). This exposure of
the Ligorio Márquez Formation is PaleoceneeEocene based on leaffossils (Suárez et al., 2000) and detrital zircons (Breen et al., 2015).
The resulting whole-rock 40Ar/39Ar age for the overlying basalt is
53.4  0.2 Ma (MSWD ¼ 0.87) (Fig. 10). The age spectrum shows
an excess of Ar (Fig. 10A), which leads to a somewhat non-
atmospheric intercept (Fig. 10B). However, the age is deter-
mined by a series of very radiogenic steps, making it insensitive to
the excess Ar.
6. Petrography and geochemistry of the San José formation
volcanic rocks
6.1. Petrography
Pyroclastic rocks and lava ﬂows are interbedded with sedi-
mentary strata of the San José Formation (Figs. 5 and 6). In order to
understand the tectonic setting of this unit, we carried out petro-
graphic and geochemical analyses. Signiﬁcantly, this is the ﬁrst
chemical analysis for the volcanic rocks of the San José Formation.
Volcanic rocks also occur in the BIMCC and BSMCC formations. We
studied the petrography of two samples from the BIMCC Forma-
tion; geochemical analyses on both basalt units were previously
performed by Espinoza et al. (2005).
Most of the volcanic rocks in the San José Formation comprise
dark-greyish pyroclastic rocks, classiﬁed as tuffs and lapillitic tuffs.
Samples are mainly composed of a ﬁne-grained matrix (>80%), with
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Lithic fragments are subangular, up to 2e3 mm in size, and corre-
spond to very-ﬁne grained or aphanitic lithologies. Lavas are scarce
and include both dark rocks with both aphanitic and porphyritic
textures, the latter with 2e3 mm plagioclase phenocrysts.
In the Pampa Castillo section, interbedded volcanic rocks are
located in the upper part of the San José Formation (Fig. 5). They are
typically crystal-rich (60%) tuffs composed mainly of quartz, with
common embedded rims, and subordinate plagioclase and maﬁc
phases, the latter replaced by opaque minerals (Fig. 6K). The matrix
consists of volcanic ash and palagonitized vitreous fragments, with
occasional intense carbonate replacement.
Crystalline dacitic to rhyolitic tuffs are also interbedded in the
lower part of the San José Formation at the Pampa Guadal section
(Fig. 5). Most of the samples share the same general petrographic
features: crystal content (50%) includes quartz, plagioclase, and
minor opaque minerals fragments. Pumice fragments (30%) are
moderately altered to brownish clays, while lithic fragments (20%)
are quartzite or polycrystalline quartz, with some samples also
including intermediate volcanic rocks, mostly with plagioclase
microlites. The matrix in all of the samples is vitreous, with mod-
erate to intense clay alteration, and also includes ﬁne-grained pal-
agonitized vitreous fragments. Despite the penetrative alteration
observed in thematrix, primary textures andmineral associations of
the tuffs are preserved, although samples at the top of the proﬁle are
intensely replaced by oxides. A basaltic lava ﬂow is interbedded near
the top of San José Formation in the Pampa Guadal proﬁle. Petrog-
raphy shows it is a porphyritic rock with 15% of olivine phenocrysts
within an intergranular groundmass (Fig. 6L). Olivine phenocrysts
are 1e1.5 cm subhedral grains with moderate bowlingite alteration
at the border. The groundmass is comprised mostly of plagioclase
microlites (50%) and ﬁne-grained brownish clinopyroxene (40%),
with subordinate opaque minerals (10%).
Pyroclastic rocks in the upper part of the San José Formation at
the Las Dunas section consist mainly of vitreous to crystalline
dacitic tuffs, interbedded at the upper part of the section. Pyroclasts
(60%) consist of up to 50% of well-preserved pumice fragments and
40% of crystals, mainly plagioclase, and minor quartz and opaque
minerals. Subordinate subrounded pyroclastic lithoclasts (10%) are
also present. The matrix (40%) is composed of brownish volcanic
ash, which shows intense clay alteration and ﬁne-grained volcanic
shards with smectite replacement.
Volcanic rocks at the upper part of the San José Formation at the
Las Horquetas section correspond to crystalline trachytic to rhyo-
litic tuffs and lapillitic tuffs. Pyroclasts (50%) include 60% of crystals,
30% of volcanic lithoclasts and 10% of clay-altered pumice frag-
ments within a clay-rich matrix. Crystal content is mainly K-feld-
spar, minor quartz, plagioclase and opaque minerals. Intermediate
volcanic lithoclasts are characterized by porphyritic textures. Near
the top of the section, interbedded volcanic rocks comprise a ﬁne-
to intermediate-grained maﬁc andesite. It shows porphyritic
texture under the microscope, with phenocrysts (10%) mostly of
green to brown pleochroic amphiboles forming large subhedral
prisms (2 mm) and minor subhedral clinopyroxene (1 mm). The
groundmass consists of a felty assemblage (90%), mostly composed
of plagioclase and amphibole (w0.5 mm) and minor clinopyroxene
(w0.3 mm). The primary mineral association is mostly unaltered;
however, ferromagnesian secondary phases and clay association
are found interstitially within the groundmass. The porphyritic
texture with a ﬁne to intermediate grain size within the ground-
mass suggests a subvolcanic emplacement for this rock, consistent
with the interpretation of Flint et al. (1994).
We studied the petrography of two samples from the basal part
of the BIMCC Formation in the Chile Chico area. They are dark, ﬁne-
grained basalts, which show a porphyritic texture under themicroscope with 10% to 15% of 2 mm olivine phenocrysts within a
plagioclase (1.5 mm) and clinopyroxene-rich (0.3 mm) groundmass
(Fig. 6F). Euhedral to subhedral olivines show moderate to intense
bowlingite and serpentine alteration from the rim to the core of the
crystals and within fractures. Subhedral plagioclase microlites and
reddish pyroxene are relatively fresh. Secondary very ﬁne-grained
ferromagnesian phases are interstitially distributed within the
groundmass and fractures, as well as minor secondary carbonates.
6.2. Geochemistry
We selected 7 representative volcanic rocks within the San José
Formation to carry out geochemical analyses. Given the variable
degree of alteration, we chose the fresher samples and removed
lithic fragments in the more lithic-rich ones. Samples LFOS-2,
PGD15-3, PGD15-7 and PGD15-9 are tuffs from the lower part of
the Pampa Guadal section while sample LFOS-4 (Fig. 6L) is a basalt
from the upper part of this proﬁle (Fig. 5). Sample LDD15-1 is a tuff
that lies at the upper part of the Las Dunas section, and sample
LHD15-4 corresponds to the maﬁc andesitic sill in the upper part of
the Las Horquetas section.
Samples for geochemical analyses were prepared and analyzed
at the Activation Laboratories of Ancaster, Ontario, Canada (www.
actlabs.com). Rock samples were mixed with a ﬂux of lithium
metaborate and lithium tetraborate and fused in an induction
furnace. Major and trace elements were analyzed by fusion
inductively coupled plasma mass spectrometry (ICP-MS). Results
and detection limits are presented in Table DR3.
Silica contents range from 68.92 wt.% to 74.28 wt.% for the
volcanic samples located at the base of the San José Formation
(LFOS-2, PGD15-1, PGD15-7 and PGD15-9). Rock samples from the
upper part of this unit show lower silica content between 57.3 wt.%
and 61.51wt.% (LFOS-4 and LDD15-1). Sample LHD15-4, interpreted
to be a sill, has 48.41 wt.% SiO2. The post-emplacement alkali loss
and pervasive alteration precludes the use of rock classiﬁcation
schemes and analyses based on major elements. However, trace
element behavior shows no signs of alteration during secondary
processes, as it is not correlated with LOI values.
Primitive mantle-normalized trace element abundances show
patterns that vary according to silica content (Fig. 11A). Samples
from the lower part of the San José Formation (>63wt.% SiO2) show
enrichment in large-ion lithophile elements (LILE) relative to high
ﬁeld strength elements (HFSE) and rare earth elements (REE).
These patterns resemble an arc signature, with a characteristic
trough in Nb. Negative anomalies in Rb and K in these silica-rich
samples are explained by K-feldspar fractionation. Samples from
the upper part of the San José Formation (52e63 wt.% SiO2) reﬂect a
clearer arc signature, as they show higher LILE enrichment and
more pronounced negative Nb and Ti anomalies. The maﬁc
andesitic sill (sample LHD15-4, <52 wt.% SiO2) has a smoother
pattern with a less arc-like signature. Chondrite-normalized REE
diagrams are similar for most of the samples (Fig. 11B). The higher
contents of the light REE (LREE) compared to the heavy ones
(HREE), together with the relatively concave patterns, indicate
pyroxene and amphibole fractionation. Samples with>63wt.% SiO2
have patterns with relatively steeper slopes (La/Yb ¼ 8.61e5.05)
than samples between 52 wt.% and 63 wt.% SiO2 (La/
Yb ¼ 4.36e3.50), and samples with <52 wt.% SiO2 (La/Yb ¼ 5.98).
7. Discussion
7.1. Age and correlations
Our geochronologic data, in combinationwith those obtained in
recent contributions (Breen et al., 2015; Suárez et al., 2015) indicate
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Patagonian Andes at w47S (Figs. 4 and 8e10). This refutes previ-
ous interpretations of a hiatus between the middle Eocene and late
Oligocene (De La Cruz and Suárez, 2006). Below, we discuss the age
of the different Cenozoic formations that crop out in the study area
and correlate them with coeval units in the forearc, Andean
Cordillera, and retroarc of this region.
Although our work focuses on the Cenozoic successions, we
obtained two U-Pb ages from strata of underlying non-
fossiliferous Cretaceous units in order to test their previously
reported Mesozoic age (Fig. 8, Table 1). At Meseta Guadal, we
dated a tuff of the upper part of the El Toqui Formation and ob-
tained an U-Pb age ofw134  2 Ma (sample PCD15-6). This age is
roughly similar to the 139  3 Ma K/Ar age obtained by De La
Cruz and Suárez (2006) for the same unit in a nearby locality.
At Mina Ligorio Márquez, we dated a sandstone from the upper
part of the El Toqui Formation and obtained an U-Pb maximum
depositional age of w127 þ 2/4 Ma (sample LMAR-5). Suárez
et al. (2000) obtained a similar age of 128  3 Ma in a nearby
locality.
We obtained U-Pb ages ofw75þ1/2Ma andw80 4Ma from
detrital zircons of two sandstone beds from the lower (sample
LMAR-2) and upper (LMD15-1) parts of the Ligorio Márquez For-
mation, respectively (Fig. 8, Table 1). Suárez et al. (2015) employed
the same method and also obtained a Maastrichtian age for the
youngest peak of detrital zircons as well as two individual zircon
grains of 56e61Ma respectively that are not statistically signiﬁcant.
Breen et al. (2015) also dated detrital zircons from several sand-
stone strata of the Ligorio Márquez Formation and obtained dates
between 62 Ma and 50 Ma (early Paleoceneeearly Eocene). The
youngest peak (3 grains) from a sandstone bed <3 m below the top
of the section yielded an age of w52  3 Ma (Breen et al., 2015).
Because detrital zircons provide maximum depositional ages, and
the w52 Ma age of Breen et al. (2015) is younger than those ob-
tained by us and Suárez et al. (2015), it must be closer to the age of
deposition. Thew52Ma U-Pb age is also in agreement with the late
Paleoceneeearly Eocene age proposed by Suárez et al. (2000) based
on the study of fossil ﬂora from the Ligorio Márquez Formation.
According to these data, this unit can be temporally correlated with
the loweremiddle part of the Río Chico Group, a PaleoceneeEocene
ﬂuvial unit that crops out in the extra-Andean region in central
Patagonia and has been recently dated inw63 Ma to 42 Ma (Clyde
et al., 2014; Krause et al., 2017) (Fig. 4).
We obtained a 40Ar/39Ar age of 53.4  0.2 Ma (sample 15LJ70;
Fig. 10) for a basalt at the base of the BIMCC Formation near the
Mina Ligorio Márquez locality. Previous radiometric data from this
unit include more than 30 K/Ar ages (mostly whole rock) indicating
dates betweenw57Ma and 34Ma (Charrier et al., 1979; Baker et al.,
1981; Flynn et al., 2002; Espinoza et al., 2005; Yabe et al., 2006; De
la Cruz and Suárez, 2008). Of these, three ages have been reported
for the base of the BIMCC Formation at the Mina Ligorio Marquéz,
two of 47.5  1.1 Ma and 47.7  1.1 Ma (K/Ar, plagioclase) by Yabe
et al. (2006) and one of 41.6  1.4 Ma (K/Ar, whole rock) by De la
Cruz and Suárez (2008). It is evident that the ages obtained by
these authors and our 40Ar/39Ar age differ considerably. Also
noticeable is the fact that, while most radiometric ages from the
BIMCC Formation range betweenw55Ma and 40Ma, some of them
are substantially younger such as those of 34.9 Ma, 34.1 Ma, andFigure 11. (A) Primitive mantle normalized multi-element diagram (Sun and McDonough
ratios, showing San José Formation volcanic rocks that most closely resemble orogenic and
samples falling in the ﬁeld of destructive plate-margin basalts and differentiates (Wood, 1980
Formation volcanic rocks. (F) La/Sm vs. Sm/Yb ratios. Studied rocks show low La/Sm and Sm/
compared with the Eocene BIMCC Formation (Espinoza et al., 2005), EoceneeOligocene alk
Formation (Rapela et al., 1988; Kay et al., 2007; Fernández Paz et al., 2018), Oligocene Band33.5 Ma obtained by Flynn et al. (2002). In fact, these ages overlap
with those assigned by us to the San José Formation. It is possible
that part of the volcanic rocks assigned to the BIMCC Formation
correspond to a younger unit. However, as most of these dates were
obtained through the whole rock K/Ar method, it is also plausible
that at least some of them are erroneous since the basalts of the
BIMCC are altered (Espinoza et al., 2005), as the K/Ar system is
susceptible tomodiﬁcation of both parent and daughter isotopes. In
this regard, our 53.4 0.2 Ma 40Ar/39Ar date for the base of this unit
is probably more reliable. This early Eocene age is statistically
identical to the w52  3 Ma U-Pb maximum detrital zircon age
obtained by Breen et al. (2015) for the top of the Ligorio Márquez
Formation, indicating that deposition of these units was probably
transitional or with a minimal hiatus. Despite the issues with the K/
Ar system, the spread of K/Ar ages of the BIMCC Formation (w55
Ma and 40 Ma) appears to correlate with K/Ar ages of the
w57e45 Ma Posadas Basalt (Baker et al., 1981; Kay et al., 2002) and
with the w59e46 Ma Balmaceda Basalts (Baker et al., 1981; De la
Cruz et al., 2003), which are located east and north of the Chile
Chico area, respectively.
We obtained U-Pb ages of w39  0.6 Ma, w41  0.5 Ma, and
w28 0.5Ma for the San José Formation (samples PGD15-2, PCA-6,
and MGUADAL-2; Figs. 8 and 9). The oldest samples are tuffs
(PGD15-2 and PCA-6) and their ages are considered as to be
depositional (see section 4.2). Sample MGUADAL-2 is a conglom-
erate and therefore its age is considered maximum. However, the
presence of abundant pumice material in this sample indicates that
deposition was likely contemporaneous with nearby volcanism,
which implies that the younger zircon ages are probably very close
to the age of deposition. This is supported by the fact that most of
the zircon ages from the analyzed samples correspond to the
younger peaks. However, there is a discrepancy between the
w39 0.6 Ma age of sample PGD 15-2 and thew410.5 Ma age of
sample MGUADAL-2, because the ﬁrst was obtained from the basal
part of the San José Formation at Pampa Guadal and the second is
from the upper part of this unit at Pampa Castillo (Fig. 5). This
implies that the lower part of the latter section is older than the
base of the Pampa Guadal section. Alternatively, the lower part of
the San José Formation at Pampa Castillo might correspond to the
Ligorio Márquez Formation as proposed by De La Cruz and Suárez
(2006), but neither we nor these authors found any evidence for
an unconformity within the ﬂuvial succession in this locality. On
the other hand, sample MGUADAL-2 was not obtained from the top
of the San José Formation, which implies that the upper part of this
unit must be younger thanw28  0.5 Ma and could be transitional
with the overlying late Oligoceneeearly Miocene Guadal Forma-
tion. In support of this idea, the coal bed observed in the uppermost
part of the San José Formation at Pampa Guadal (see section 3.3)
could have formed as a consequence of the initial stages of the
marine transgression that deposited the Guadal Formation.
Thew40 Ma to <28 Ma age (middle Eoceneelate Oligocene) for
the San José Formation is one of the most important contributions
of this work. This unit had previously been considered upper
Paleoceneelower Eocene based on its fossil macroﬂora (De La Cruz
and Suárez, 2006), which should be restudied at the light of the
new ﬁndings. This revised age means that the ﬂuvial strata of the
San José Formation cannot be correlated with those of the Ligorio
Márquez Formation as proposed by Ray (1996). In this new context,, 1989). (B) Chondrite-normalized REE diagram (Nakamura, 1974). (C) Nb/La vs. Ba/La
esites compositions. (D) TaeTheHf/3 discrimination diagram, with San José Formation
). (E) Th/Hf vs. Ta/Hf diagram, showing mostly tholeiitic arc-like sources for the San José
Yb, suggesting magmas were in equilibrium within pyroxene stability ﬁeld. Our data is
aline magmatism (Kay et al., 2002; Bruni et al., 2008; Menegatti et al., 2014), Ventana
urrias Gabbro (Morata et al., 2005), and Traiguén Formation (Encinas et al., 2016a,b).
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rocks between 40 Ma and 24 Ma exposed in small outcrops in the
Central Patagonian Andes (De la Cruz et al., 2004; Morata et al.,
2005; De La Cruz and Suárez, 2006, 2008; De la Cruz and Cortés,
2011; Gianni et al., 2017a,b). In the extra-Andean region it
partially correlates with the 41.7 Ma to 18.8 Ma Sarmiento Forma-
tion (Ré et al., 2010) and with the late Eocene to early Oligocene
marine strata of the El Huemul Formation (Paredes et al., 2015). To
the west, it is partially coeval with the Puerto Good sequence in the
Golfo de Penas (Forsythe and Nelson, 1985), and with a 32 Ma age
for a volcanic breccia of theMitahues Island, which likely belongs to
the basal part of the Traiguén Formation (Encinas et al., 2016a)
(Fig. 4).
We U-Pb dated detrital zircons from two sandstone beds of the
Guadal Formation at the Pampa Castillo section and obtained
maximum depositional ages ofw231.0Ma (sample PCA4) for the
base of this unit and ofw20 0.4 Ma (sample MGUADAL-3) for the
upper part (Fig. 9). Suárez et al. (2015) obtained an additional U-Pb
age ofw19Ma from a sandstone bed of the Guadal Formation in the
same area. Accordingly, Frassinetti and Covacevich (1999) inter-
preted the invertebrate fauna of the Guadal Formation as late
Oligoceneeearly Miocene based on a stratigraphic correlation with
the Monte León Formation of Argentina. The Guadal Formation can
be also correlated with the 20.3 Ma to 18.1 Ma El Chacay Formation,
which crops out in the Lago Posadas-Meseta Belgrano region
(47300S) and corresponds to the southern extension of the Guadal
Formation in Argentina (Cuitiño et al., 2015). To the west, the
Guadal Formation partly correlates with thew26e23 Ma Traiguén
Formation (Encinas et al., 2016a), and with deep-marine strata of
probable late Oligoceneeearly Miocene age in the Golfo de Penas
(lower part of the Grupo Chaicayan sequence; see Forsythe and
Nelson, 1985; Encinas et al., 2015) (Fig. 4).
The vertebrate fauna of the Pampa Castillo Formation was
assigned to the early Miocene Santacrucian SALMA by Flynn et al.
(2002) and Bostelmann and Buldrini (2012). Suárez et al. (2015)
obtained a U-Pb (SHRIMP) age of w18 Ma from a tuff of the Santa
Cruz Formation presumably sampled at the Pampa Castillo section.
w19 Ma to 12 Ma ﬂuvial synorogenic deposits of the Santa Cruz
Formation and younger units crop out extensively in the Central
and Southern Patagonian Andes between the Andean Cordillera
and the Atlantic coast (De Iuliis et al., 2008; Rivas et al., 2015;
Suárez et al., 2015; Cuitiño et al., 2016; Encinas et al., 2016b)
(Fig. 4). To the west, the middle-upper Miocene upper unit of the
marine Grupo Chaicayán sequence (Forsythe and Nelson, 1985;
Encinas et al., 2015) partly correlates with the Santa Cruz Forma-
tion and younger units.
Most published radiometric ages for the BSMCC Formation
range between 12 Ma and 7 Ma (De la Cruz and Suárez, 2008, and
references therein). Overlying this unit is the 5e3 Ma Basaltos Pico
Sur Formation differentiated by De la Cruz and Suárez (2008) from
the BSMCC Formation. The late middle to late Miocene BSMCC
Formation can be correlated with the upper Miocene basalts of the
Meseta Lago Buenos Aires Formation that crop out in western
Argentina east of the Jeinemeni River (Ramos and Kay, 1992;
Ecosteguy et al., 2003) (Fig. 4). It also correlates with other
basaltic sequences of similar ages from central and southern
Patagonia that have been grouped under the generic name of
“Plateau Lavas” (Gorring et al., 1997).
7.2. Geochemical constraints on San José formation volcanic rocks
and regional correlations
Volcanic rocks from the San José Formation have trace element
ratios consistent with an arc-related signature (Fig. 11). Most of the
samples show Ba/Nb values greater than 30 (Ba/Nb ¼ 46.2e111.6),comparable to those of orogenic andesites (Gill, 1981). Exceptions
to this behavior are shown by the silica-rich samples (LFOS-2 and
PGD15-3) with lower Ba content due to K-feldspar fractionation,
and sample LHD15-4, which corresponds to the maﬁc andesitic sill
(Fig. 11C). The tectonic discriminant diagram shows that the San
José Formation volcanic rocks consistently plot within the ﬁeld of
arc-related volcanism (Fig. 11D). Evidence for the arc-related
behavior is also given by their Ta/Hf ratios <0.2, which together
with Th/Hf values, suggest a tholeiitic composition. Samples in the
upper part of the formation show a slight tendency towards a calc-
alkaline source.
The U-Pb ages for the San José Formation and the stratigraphic
location of the analyzed volcanic rocks within the proﬁles constrain
the timing of this volcanism between the middle Eocene and the
late Oligocene (w40e28 Ma). Overall, its geochemical character-
istics suggest a genesis from arc-like tholeiitic to calc-alkaline
sources, with input from slab-derived ﬂuids. Trace element ratios,
together with tectonic discrimination diagrams, indicate that the
studied samples evolved in an arc setting. The San José Formation
volcanic rocks show La/Yb (3.50e8.61) and Sm/Yb (1.07e2.74)
indicative of magmas in equilibrium within the pyroxene stability
ﬁeld (Fig. 11F), which is consistent with low-pressure conditions
expected in crust of normal thickness (w35 km) (e.g. Hildreth and
Moorbath, 1988; Profeta et al., 2015). These geochemical features
support the hypothesis that these magmas evolved under exten-
sional or neutral, rather than contractional, conditions.
While the San Jose Formation volcanic rocks represent arc-
related magmas evolving within low pressure conditions, coeval
alkaline magmatism from both the Andean and extra-Andean re-
gions shows intraplate-like E-MORB sources, developed within a
garnet-spinel stability ﬁeld, typical of OIB magmas (Kay et al.,
2002; Espinoza et al., 2005; Morata et al., 2005; Bruni et al.,
2008; Menegatti et al., 2014) (Fig. 11CeF). At a wider regional
scale, arc-related activity during Mid-Eocene to Lower Miocene
(37e20 Ma) includes mainly basaltic to andesitic lavas of the
Ventana Formation exposed in the North Patagonian Andes
(40Se43S) and the basaltic pillow-lavas of the Traiguen Forma-
tion in the western forearc (w45300S) (Rapela et al., 1988; Encinas
et al., 2016a; Fernández Paz et al., 2018), all of which share an arc-
like signature (Fig. 11). It is worth noting that the San José For-
mation volcanic rocks show low Sm/Yb ratios, like those charac-
teristic of the Ventana and Traiguen formations volcanism, which
are interpreted as developed during a period of progressive crustal
thinning (Rapela et al., 1988; Bechis et al., 2014; Litvak et al., 2014;
Encinas et al., 2016a; Fernández Paz et al., 2018). In summary,
Eoceneeupper Miocene volcanic rocks of the North and Central
Patagonian Andes reﬂect geochemical signatures consistent with
their magmatic evolution within a thin crust and extensional
conditions.
7.3. Tectonic setting
The tectonic setting represented by the Cenozoic sedimentary
and volcanic successions that crop out in the Central Patagonian
Andes is not well understood (see Suárez and De La Cruz, 2000; De
la Cruz et al., 2003). The geometric relationship between Mesozoic
and Cenozoic stratiﬁed units in this area suggests that signiﬁcant
deformation did not occur during their deposition. The
Paleoceneelower Eocene Ligorio Márquez Formation shows a
subtle angular unconformity with Upper JurassiceLower Creta-
ceous strata of the El Toqui Formation and a disconformity with
Lower Cretaceous strata of the Divisadero Formation. In a nearby
area in western Argentina, the Ligorio Márquez Formation dis-
conformably overlies the LowereUpper Cretaceous Río Tarde For-
mation (Ecosteguy et al., 2003). The middle Eoceneelower
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with Upper JurassiceLower Cretaceous rocks of the Ibáñez For-
mation and a paraconformity with Upper JurassiceLower Creta-
ceous of the El Toqui Formation. This suggests that compressive
deformation between the early Late Cretaceous and the Paleocene
was mild in this area.
Regarding tectonic deformation during the Cenozoic, the
different units of this age that crop out in the study area show
conformable or paraconformable contact relationships among
them, which also suggests the absence of signiﬁcant compressive
deformation. Neither we nor previous workers have found struc-
tural evidence indicative of the tectonic setting in which the
different Cenozoic Formations of the Central Patagonian Andes
were deposited (see Suárez and De La Cruz, 2000; De la Cruz et al.,
2003). The only exception is the synorogenic ﬂuvial deposits of the
early-middle Miocene Santa Cruz Formation and younger units
(e.g., Lagabrielle et al., 2004; De La Cruz and Suárez, 2006). In the
following, we discuss the tectonic setting for these Cenozoic units
based on our data and those published by previous authors (Fig.12).
We also compare data from the Central Patagonian Andes with
those from the forearc and the extra-Andean region, where struc-
tural information from seismic surveys is available.
Our geochronologic data indicate that the Ligorio Márquez
Formation crops out exclusively in the Chile Chico area, west of the
Jeinemeni Fault, and in a small area of Argentina east of the Jei-
nemeni river (Ecosteguy et al., 2003) (Fig. 3). We did not ﬁnd any
unequivocal evidence for the tectonic setting of this unit. The
Ligorio Márquez Formation is coeval with the lower-middle part of
the Río Chico Group that crops out in the extra-Andean region to
the east (Clyde et al., 2014; Krause et al., 2017, and references
therein) (Fig. 4). Based on seismic evidence, Navarrete et al. (2015)
interpreted the basal levels of this group as synorogenic based on
the wedging of its reﬂectors in the Río Senguer depocenter (46S).
However, we consider this evidence open to interpretation because
thickness variation is minor (see Fig. 11 in Navarrete et al., 2015). If
Navarrete et al. (2015) interpretation is correct, a compressional
tectonic setting for the presumably coeval Ligorio Márquez For-
mation is plausible. In this context, paleocurrent analysis in this
unit indicating a SSE direction could reﬂect surface uplift west of
the Chile Chico area and deposition in a foreland basin (De la Cruz
and Suárez, 2008). Our provenance analysis based on detrital zir-
cons also favors a western source area. On the other hand, our
geochronologic work indicates that deposition of the Ligorio Már-
quez and BIMCC formations appears to have been continuous. Thus,
another option is that the tectonic setting of the Ligorio Márquez
Formation was extensional, with the ﬂuvial sediments of this unit
deposited during the initial stages of basin subsidence that gave
way later to the alkaline basalt volcanism of the BIMCC Formation
(see below) (Fig. 12A). In favor of this notion, the Ligorio Márquez
Formation shows a transition from braided to meandering ﬂuvial
systems, which is consistent with an increase of accommodation
space during increasing extension.
The contact of the BIMCC Formationwith the underlying Ligorio
Márquez Formation is semi-covered, and its nature difﬁcult to
observe, but it has been deﬁned as disconformable by De la Cruz
and Suárez (2008). Given that the BIMCC Formation directly over-
lies Mesozoic units of the Ibáñez, El Toqui, and Divisadero forma-
tions at some localities, it is possible that an episode of uplift and
erosion occurred between the deposition of the Ligorio Márquez
and the BIMCC formations. Yet, geochronologic evidence suggests
continuous, or almost continuous, deposition of these two units
since U-Pb dating indicates a maximum depositional age of
w52  3 Ma for the upper part of the Ligorio Márquez Formation
and 40Ar/39Ar an age of 53.4  0.2 Ma for the base of the BIMCC
Formation. The overlap of these ages also opens up the possibilitythat the upper part of the Ligorio Marquez and the basal part of the
BIMCC formations are contemporaneous.
The upper Paleocene to Eocene alkaline basalts of the BIMCC
Formation were deposited in a backarc setting during a gap of arc
volcanism (Ramos and Kay, 1992). They are relatively primitive,
with a marked OIB-like signature (Espinoza et al., 2005). Results of
partial melting-REE modeling indicate an origin by low degrees of
partial melting from a primitive mantle source at depths within the
garnet-spinel stability ﬁeld (w65e70 km) (Espinoza et al., 2005).
This suggests extension and crustal thinning in order to allow rapid
ascent of uncontaminatedmagmas (Espinoza et al., 2005) (Fig.12B).
The origin of the BIMCC Formation and correlative units in the
Patagonian Andes, such as the Balmaceda or Posadas Basalts, have
been attributed to an asthenospheric upwelling linked to the
opening of a slab window during the collision of the Aluk-Farallón
spreading ridge with the Chilean trench (Ramos and Kay, 1992; Kay
et al., 2002; Espinoza et al., 2005). On the other hand, Gianni et al.
(2017a,b) observed syntectonic growth-strata in 43.9 Ma beds of
the upper levels of the Río Chico Group in the extra Andean region
(Fig. 4). This data is difﬁcult to reconcile with the extensional
setting suggested by geochemistry for the 55e40 Ma ﬂood basalts
of the Central Patagonian Andes and deserves further study.
The middle EoceneeOligocene San José Formation crops out
only in the Meseta Guadal area (Figs. 2 and 12C). It is not clear yet
whether the upper part of the basaltic rocks assigned to the BIMCC
Formation in the Chile Chico area is coeval with the San José For-
mation (see section 7.1). We did not observe structural evidence
bearing on the tectonic setting for the San José Formation. However,
our geochemical analysis of volcanic rocks from this unit suggests
extensional or neutral tectonic conditions and an arc-related
signature (see section 7.2), which could indicate an intra-arc
setting. In support of an extensional tectonic regime, it is relevant
to note that the San José Formation is not exposed east of the
Meseta Guadal area, and paleocurrent analysis from this unit in-
dicates a W to S direction (De La Cruz and Suárez, 2006). Accord-
ingly, provenance analysis based on detrital zircons favors an
eastern source area (see section 4.2). The age of the basal part of the
San José Formation at the Pampa Castillo section appears to be
older than that of the Pampa Guadal section and this unit is thicker
in the ﬁrst section than in the second one (Figs. 5 and 8), which
indicates that basin subsidence probably progressed from east to
west. These data suggest that the San José Formationwas deposited
in a half graben setting with an uplifted area limited by normal
faults to the east (Fig. 12C). In contrast, continuous exposure and
eastward paleocurrent directions for this unit would be expected in
a foreland basin. Geologic evidence from other areas of the region
also points out to an extensional regime during the middle
Eoceneeearly Miocene. The 27 Ma Bandurrias Gabbro in the An-
dean Cordillera near Coyhaique was emplaced during an exten-
sional or transtensional tectonic setting, according to its
geochemical signature (Morata et al., 2005). Thew42 Ma to 19 Ma
tuff deposits of the Sarmiento Formation and associated intraplate
alkaline lava ﬂows and intrusives in the extra Andean region have
been related to extensional tectonics based on their geochemistry
and seismic evidence (Bruni et al., 2008; Paredes et al., 2008, 2015;
Ré et al., 2010; Gianni et al., 2015) (Fig. 4). In the same area, the late
Eocene to early Oligocene marine strata of the El Huemul Forma-
tion also show seismic evidence for extensional tectonics (Paredes
et al., 2015) (Fig. 4). The 26e23 pillow basalts and turbidites of the
Traiguén Formation exposed in the limit between the forearc and
the Andean range were also deposited in an extensional setting
(Fig. 4), as indicated by the presence of synextensional growth
strata and geochemical analysis (Encinas et al., 2016a,b). The only
known coeval exception to the pattern of extensional tectonics is a
w40 Ma tuff unit from Meseta de Chalía (45300S) which shows
Figure 12. Paleoenvironmental cartoons showing the inferred tectonic phases that have impacted the Meseta Guadal (left) and Chile Chico (right) areas during the Cenozoic. We
base our reconstructions on geochronologic, zircon provenance, stratigraphic, sedimentologic, paleocurrent analysis, and geochemical studies (see section 7.3 for a thorough
explanation). Normal faults depicted in the diagrams are inferred. (A) Deposition of the ﬂuvial strata of the upper Paleoceneelower Eocene Ligorio Márquez Formation in the Chile
Chico area during a probable extensional phase. (B) Extrusion of the ﬂood basalts of the Eocene BIMCC Formation in the Chile Chico area during an extensional phase related to the
subduction of the Aluk-Farallon spreading ridge. (C) Deposition of the ﬂuvial strata of the middle Eoceneeupper Oligocene San José Formation in the Meseta Guadal area during an
extensional phase. (D) Deposition of the upper Oligoceneelower Miocene marine deposits of the Guadal Formation in the Meseta Guadal and Chile Chico areas during a major
marine transgression of Atlantic origin in a probable extensional setting. (E) Deposition of the ﬂuvial synorogenic deposits of the loweremiddle Miocene Santa Cruz Formation and
younger units in the Meseta Guadal area and the Chile Chico area east of the Jeinemeni fault during a major compressive phase. (F) Extrusion of the ﬂood basalts of the middle
MioceneePliocene basaltic rocks of the BSMCC and Pico Sur formations in Chile and the Meseta Lago Buenos Aires and younger volcanic units in Argentina during an extensional
phase related to the subduction of the Chile ridge.
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as evidence of compressive tectonics. Encinas et al. (2016b)
explained that it is difﬁcult to discern whether these growth
strata are related to extensional or compressive tectonics or to
sedimentologic causes.
The late Oligoceneeearly Miocene marine strata of the Guadal
Formation crop out in the Chile Chico and Meseta Guadal areas(Figs. 2 and 12D). At Chile Chico, this formation paraconformably
(?) overlies the PaleoceneeEocene ﬂood basalts of the BIMCC For-
mation, which indicates a hiatus between the deposition of these
units. This suggests that after the extrusion of the basaltic
sequence, the Chile Chico area became an area of positive relief
before subsidence resumed in the late Oligoceneeearly Miocene,
eventually allowing marine ﬂooding. In the Meseta Guadal, on the
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upper part of the San José Formation and thew23 U-Pb maximum
depositional age for the base of the late Oligoceneeearly Miocene
Guadal Formation indicates that deposition of the ﬂuvial and ma-
rine units was continuous or almost continuous in this area.
As noted before, there is not clear geologic evidence that indicates
the tectonic context for the Guadal Formation. Provenance analysis
based on detrital zircons favors an eastern source area (see previous),
which agrees with previous paleogeographic reconstructions that
propose an uplifted area to the east (e.g., Ramos, 1982; Cuitiño et al.,
2015), although do not clarifywhether therewas an emergent area to
the west and to the north as also proposed by these authors. The
occurrence of late Oligoceneeearly Miocene marine deposits in the
Meseta Guadal, at the axial part of the Central Patagonian Andes,
indicates an attenuated crust of 33 km, according to conventional
isostatic analyses (Introcaso et al., 2000). The geochemistry of the
volcanic rocks from the underlying San José Formation is consistent
with magmas evolving in a crust of w35 km thick. In addition, the
Guadal Formation shows lateral gradient in thickness, like the San
José Formation at the Meseta Guadal areadthe Guadal Formation is
w100 m thick in the Pampa Castillo section to the east andw20 m
thick in the Pampa Guadal section to the west, which suggests
deposition in a half graben. These data are consistent with an
extensional regime that resulted in progressive crustal thinning
during deposition of the ﬂuvial and volcanic deposits of the San José
Formation and the subsequent transgression of marine waters of
Atlantic origin during the time of maximum extension (Fig. 12D).
Additional evidence in favor of an extensional regime during depo-
sition of the Guadal Formation and correlative units is thoroughly
discussed by Encinas et al. (2017) and is based on (1) the presence of
late Oligoceneeearly Miocene volcano-sedimentary marine strata of
the Ventana (41S) and Traiguén (44Se46S) formations, which
contain synextensional growth strata and geochemical signatures
indicative of a thinned crust (Bechis et al., 2014; Litvak et al., 2014;
Echaurren et al., 2016; Encinas et al., 2016a; Fernández Paz et al.,
2017); (2) the occurrence of deep-marine strata (Fig. 4) of probable
late Oligoceneeearly Miocene age west of the study area (Golfo de
Penas, 47S) with synextensional strata associated with normal
faulting (Encinas et al., 2015); and (3) the presence of late
Oligoceneeearly Miocene marine deposits in a large area that ex-
tends between the Paciﬁc and the Atlantic coasts of Patagonia,
including the western, central, and eastern parts of the present
Patagonian Andes betweenw41S and 47S (see Encinas et al., 2017
and references therein). This indicates that the elevated topography
of the Patagonian Andes likely did not exist yet, precludes ﬂexural
subsidence as the principal driving mechanism for the marine
transgression, and suggests a regional subsidence event driven by
extensional tectonics. The presence of molluscan taxa of both puta-
tively Paciﬁc and Atlantic afﬁnities in late Oligoceneeearly Miocene
marine strata of the La Cascada Formation in the eastern ﬂank of the
North Patagonian Andes (43Se44S) supports this idea (Encinas
et al., 2014). Maximum extension in Patagonia during the
OligoceneeMiocene interval would enable such a transient connec-
tion between oceans and also challenges the existence of a mountain
range. In this regard, Uliana and Biddle (1988) and Bechis et al. (2014)
suggested a Paciﬁc-Atlantic connection at the latitude of Meseta
Guadal, where upper Oligoceneeupper Miocene marine deposits of
Paciﬁc origin in the Golfo the Penas and Traiguén areas are closest to
the coeval “Patagonian” deposits of Atlantic origin. However, this
proposition is not yet supported by paleontologic studies as no
mixed faunas of Atlantic and Paciﬁc origin have been reported in any
of these marine deposits on either side of the Andes.
After the “Patagonian” marine transgression, up tow1000 m of
earlyemiddle Miocene (w19 Ma to 12 Ma) ﬂuvial strata of the
Santa Cruz Formation and younger units (e.g., Pedregoso and RíoMayo formations) were deposited in foreland basins developed in
the eastern ﬂank of the Andes and the extra-Andean region as a
consequence of an important phase of compressive deformation
and Andean uplift (Suárez and De La Cruz, 2000; Thomson, 2002;
Lagabrielle et al., 2004; Blisniuk et al., 2005; Ramos and
Ghiglione, 2008; Cuitiño et al., 2016) (Fig. 12E). The ﬂuvial strata
of the Santa Cruz Formation at the Meseta Guadal syncline are the
only deposits in the entire Patagonian Andes that crop out within
the Main Andean Cordillera. It is likely that correlative deposits
occupied adjacent areas of this chain prior to uplift but were sub-
sequently eroded. The ﬂuvial units contain growth strata associated
with folds and reverse faults that demonstrate their syntectonic
origin (Lagabrielle et al., 2004; De La Cruz and Suárez, 2006).
Paleocurrent analysis indicates a predominantly eastward direc-
tion, which requires that the source areas had to be located to the
west of the sub-basins in question (Skarmeta, 1976; Ray, 1996; De
La Cruz and Suárez, 2006; Rivas et al., 2015). The age of the Santa
Cruz Formation in the western part of the extra-Andean region of
Patagonia is w1 Myr older than those of the same unit in the
Atlantic coastal localities (see Cuitiño et al., 2016, and references
therein) indicating the prograding character of these deposits
triggered by the progressive uplift of the Andes during this time.
Deposition of the Santa Cruz Formation and younger synorogenic
strata ﬁnished atw12 Ma (Guivel et al., 2006; De Iuliis et al., 2008;
Rivas et al., 2015).
After the 19 Ma to 12 Ma contractional stage, a short period of
rapid erosion and peneplanation followed that cross-cut the pre-
vious thrusts (Lagabrielle et al., 2007). Subsequently, extensive al-
kali ﬂood basalts of the BSMCC and Meseta Lago Buenos Aires
formations were extruded in a backarc setting to form large pla-
teaus between 12.4 Ma and 7 Ma (Ramos and Kay, 1992; Gorring
et al., 1997; Espinoza et al., 2005) (Fig. 12F). The basalts are not
affected by reverse faults and overlie a ﬂat surface that truncates
early-middle Miocene thrusts (Lagabrielle et al., 2007). Late
MioceneePliocene glacial and ﬂuvioglacial deposits accumulated
sincew7 Ma and are interbedded with younger basalts in the area
(Lagabrielle et al., 2010). The alkaline-like geochemical signature of
the ﬂood basalts indicates an extensional setting (Espinoza et al.,
2005) (Fig. 12F). Numerous authors have proposed that these ba-
salts were associated with decompression melting of sub-slab
asthenospheric mantle upwelling as result of a slab window
(Ramos and Kay, 1992; Espinoza et al., 2005; references therein),
like the BIMCC Formation. However, Guivel et al. (2006) argued that
the subduction of the Chile Ridge at these latitudes (w48Se46S)
started at w6 Ma whereas the emplacement of the main plateau
basalts took place betweenw12.4 Ma and 5 Ma, which precludes a
convincing cause-effect relationship. They proposed a model in
which the collision of the southernmost segments of the Chile
Ridge around 15 Ma caused a tear-in-the-slab that allowed the
ascent of magmas derived from deep sub-slab asthenospheric
mantle. During the last 5 Ma, the arrival of the Chile Ridge in the
study area opened a true slab window that may have triggered the
ascent of the most recent basaltic magmas (Guivel et al., 2006).
Although contractional deformation ceased at w12 Ma in the
Central Patagonian Andes, major uplift and topographic inversion
occurred in this region after w5 Ma (Lagabrielle et al., 2007). This
event is not related to compressional tectonics but to an exten-
sional/transtensional regime (Lagabrielle et al., 2007). Because this
episode is coincident in time and space with the subduction of
segments of the Chile Ridge at 6 Ma and 3 Ma, Lagabrielle et al.
(2007) proposed that ridge subduction caused the ascent of the
hot mantle, triggering doming and a weakening of the crust and
causing localized collapse (Lagabrielle et al., 2007).
The total thickness of the Cenozoic succession in the study area
includes w2000 m of sedimentary and volcanic rocks that
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Santa Cruz Formation and younger units, which were deposited in
merely w7 Ma, account for half of the total thickness (w1000 m).
These data indicate that the tectonic setting during the rest of the
Cenozoic, whether extensional or compressive, did not create sig-
niﬁcant accommodation space. This supports the idea that the
19e12 Ma interval was the only period characterized by signiﬁcant
Andean growth during the Cenozoic.
In their comprehensive study of the Central and North Patago-
nian Andes, Horton (2018b) (see also Horton et al., 2016; Horton,
2018a) noted that after a Late CretaceouseEarly Paleogene inter-
val of pronounced Andean shortening, neutral to extensional con-
ditions, spanning the forearc to retroarc, occurred betweenw28S
and 43S during the Paleogene as a consequence of mechanical
decoupling. Neutral tectonic conditions in the western ﬂank of the
Andes at those latitudes gaveway to diminished accumulation or to
the development of a regional non-angular unconformity that was
contemporaneous with extension in the magmatic arc and forearc
provinces during the late Middle Eocene to earliest Miocene
(Horton et al., 2016; Horton, 2018a,b). The “Rodados Lustrosos”, a
regional conglomerate < 2e20 m thick that crop out in the Central
Andes atw35S, is a representative example of a highly condensed
succession deposited during the w40e20 Ma interval (Horton
et al., 2016). Interestingly, a similar situation occurs in our study
area. The PaleoceneeearlyMiocene (w60e20Ma) succession in the
Central Patagonian Andes that includes the Ligorio Márquez,
BIMCC, San José, and Guadal formations sums up to w750 m. The
succession deposited between w40 Ma and 20 Ma which com-
prises at least part of the San José Formation and the Guadal For-
mation is only up to w150 thick. In the extra-Andean region the
coeval Sarmiento, San Julián, andMonte León formations sum up to
w600 m (Bellosi, 2010; Parras et al., 2012) whereas partially coeval
units in the forearc probably sum up to more than w1000 m
(Forsythe and Nelson, 1985). Thus, similarly to the northern seg-
ments of the Andean Cordillera, the present hinterland of the
Central Patagonian Andes was also characterized by reduced sedi-
mentation rates, probably caused bymild extension, during the late
Middle Eocene to earliest Miocene.
Our review indicates that clear evidence of compressive tec-
tonics in the Central Patagonian Andes is limited to the Creta-
ceousePaleocene? and to the earlyemiddle Miocene (19e12 Ma)
intervals, whereas extensional or neutral tectonic conditions
appear to have dominated during most of the Cenozoic (Fig. 12).
Some authors, however, have a different interpretation on the
tectonic evolution of this area during this period. Ramos (1989)
studied Cenozoic volcano-sedimentary rocks of the Posadas, Cen-
tinela, and Santa Cruz formations in the Central-Southern Patago-
nian Andes (47Se49S) at western Argentina and proposed that
contractional deformation in this area took place between the
Paleocene and the late Miocene based in his interpretation of the
Cenozoic succession as molasse (synorogenic) deposits. However,
subsequent studies based on geochemistry indicate that the
PaleoceneeEocene ﬂood basalts of the Posadas Formation (correl-
ative with the BIMCC Formation) formed in an extensional setting
(Espinoza et al., 2005). Ramos (1989) considered the “Patagonian”
marine deposits of the Centinela Formation to be synorogenic,
arguing that the inferred western seashore of the late
Oligoceneeearly Miocene Atlantic transgression roughly matches
the present foothills, indicating that uplift had begun in the Pata-
gonian Cordillera at that time. However, the presence of uplifted
strata of the Guadal Formation in the axial part of this range rules
out this notion. Frassinetti and Covacevich (1999) assumed the
existence of a mountain range that blocked the connection be-
tween the Paciﬁc and Atlantic oceans in the Golfo de Penas and
Meseta Guadal basins (w47S) because of the invertebrate fossils ofAtlantic origin that are present in the Guadal Formation. We argue
that this only requires the presence of an emergent area between
both basins, which could occur in any tectonic context and does not
imply the presence of a compressional mountain range. Flint et al.
(1994) proposed the occurrence of compressive deformation dur-
ing deposition of the Guadal Formation, but do not indicate the
presence of growth strata in this unit. Finally, based on thermo-
chronologic data from southern Chile between 44S and 51S,
Thomson et al. (2001) proposed accelerated cooling and denuda-
tion driven by compressive tectonics ﬁrst in the forearc between 30
Ma and 23 Ma and then in the Patagonian Andes to the east be-
tween 12 Ma and 8 Ma. The Neogene group of cooling ages
approximately matches deposition of synorogenic deposits of the
Santa Cruz Formation and younger units but Thomson et al. (2001)
proposed compressive tectonics in the forearc during the
30e23 Ma interval solely based in the lack of evidence for exten-
sional tectonics. However, 26e23 Ma synextensional pillow basalts
and turbidites of the Traiguén Formation and a 32 Ma volcanic
breccia probably related to the same unit (Encinas et al., 2016a)
crop out in the area sampled by Thomson et al. (2001). Therefore,
an extensional regime better explains the Oligocene cooling ages.7.4. Comparison of the Cenozoic tectonic evolution of the central,
Northern, and Southern Patagonian Andes
The comparison of the tectonic evolution of the Central Pata-
gonian Andes with the North Patagonian Andes reveals a largely
parallel tectonic history. The North Patagonian Andes (39Se43300
S) only contain clear evidence for contractional deformation and
Andean growth during the late Early Cretaceous to early Paleocene
and the early-late Miocene (e.g., Orts et al., 2012; Echaurren et al.,
2016). Bimodal volcanism included in the 60 Ma to 42 Ma Hui-
trera Formation (Rapela et al., 1988) has a within-plate signature
(Aragón et al., 2013) and corresponds to synextensional strata
associated with normal faults (Echaurren et al., 2016). This would
indicate an extensional stage during the PaleoceneeEocene that
has been attributed to the product of asthenospheric upwelling,
presumably as a consequence of the subduction of the Aluk-Far-
allón spreading ridge (Aragón et al., 2013), or slab rollback
(Echaurren et al., 2016). During the middleelate Eocene, 37 Ma arc
activity resumes under extensional tectonics, as indicated by the
37 Ma growth strata of the Ventana Formation at the Rivadavia
range (43S) (Echaurren et al., 2016; Fernández Paz et al., 2018).
Crustal thinning reached a maximum during the late
Oligoceneeearly Miocene and resulted in the formation of several
basins that extended from the present Chilean coast to the retroarc
in Argentina between w33Se47S, which ﬁlled with thick suc-
cessions of volcanic and sedimentary rocks indicative of conti-
nental and marine settings (Muñoz et al., 2000; Jordan et al., 2001;
Bechis et al., 2014; Litvak et al., 2014; Encinas et al., 2016a;
Fernández Paz et al., 2017). Muñoz et al. (2000) attributed this
episode to a major plate reorganization in the Southeast Paciﬁc at
ca. 28e26 Ma (Pardo-Casas and Molnar, 1987) that induced a
transient period of vigorous asthenospheric wedge circulation and
slab rollback of the subducting Nazca plate. Progressive extension
and crustal thinning reached its maximum at w20 Ma and led to
marine ﬂooding of much of Patagonia (Bechis et al., 2014; Encinas
et al., 2016a, 2017). The marine transgression was followed by a
phase of compressive tectonics beginning at w19e16 Ma that
resulted in the emergence, uplift, and deformation of the late
Oligoceneeearly Miocene marine strata, the deposition of synoro-
genic continental and marine sediments, and the growth of the
Patagonian Andes (Orts et al., 2012; Bilmes et al., 2013; Bechis et al.,
2014; Echaurren et al., 2016; Encinas et al., 2017).
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gonian Andes, the Southern Patagonian (or Austral) Andes are
generally thought to have been the subject of compressive defor-
mation and foreland sedimentation from the late Early Cretaceous
to present time interval (e.g., Biddle et al., 1986). However, some
authors postulate intervals of extensional tectonics during parts of
the Cenozoic, at least for the southernmost part of this chain (e.g.,
Ghiglione, 2016b). The evolution of the northern (w47Se52S)
and the southern (w52Se56S) parts of the Southern Patagonian
Andes show some differences, probably due to the inﬂuence of the
opening of the Scotia Sea on the southern tip of South America.
Orogenic growth and related foreland sedimentation in the
northern part of the Southern Patagonian Andes (47Se52S) began
around 101e88 Ma (Varela et al., 2012). Compressive deformation
during the Paleogene is proposed by Malumián et al. (2000) based
on the presence of progressive unconformities on the 47e26Ma Río
Turbio Formation and the 23.5 Ma Río Guillermo Formation
(radiometric ages from Fosdick et al., 2015). These syntectonic se-
quences onlap the w60 Ma Cerro Dorotea Formation (Ghiglione
et al., 2016a), bracketing an upper Paleoceneelower Eocene hia-
tus spanning from 60 to 47 Ma (Malumián et al., 2000). The late
Oligoceneeearly Miocene “Patagonian” Atlantic marine trans-
gression has been interpreted as deposited in a foreland basin
whereas fast inﬁlling of the accommodation space resulted in
progradation of synorogenic ﬂuvial deposits of the earlyemiddle
Miocene Santa Cruz Formation (Blisniuk et al., 2005; Cuitiño
et al., 2016).
The Cenozoic tectonic development of the southern part of the
Southern Patagonian Andes (52Se56S, also known as the Fue-
guian Andes) occurred amidst a composite kinematic regime. An-
dean uplift and compression were sustained due to continuous
subduction, whereas strike-slip and extensional tectonics occurred
during the opening of the Scotia Sea and the northward drift of
South America during its separation with the Antarctic Peninsula
(Lagabrielle et al., 2009; Ghiglione, 2016b, and references therein).
Structural and geophysical data from the Fueguian fold and thrust
belt indicate PaleoceneeEarly Eocene continental stretching
(Ghiglione et al., 2008) that can be connected to the development of
Paleocene extensional depocenters in the Austral and offshore ba-
sins associated with the slow separation of the South American and
Antarctica plates (Ghiglione, 2016b, and references therein). It was
followed by a period of basement uplift and propagation of the fold
and thrust belt during themiddle to late Eocene, as indicated by the
analysis of growth strata, ﬁssion track data, and U-Pb detrital zircon
geochronology (Ghiglione and Ramos, 2005; Barbeau et al., 2009;
Gombosi et al., 2009). Syntectonic sequences have also been
recognized in Oligocene strata (e.g., Ghiglione et al., 2010). Subse-
quently, relative movement between South America and Antarctica
was accommodated by spreading in theWest Scotia Sea from about
28 Ma until w16 Ma when the Scotia Plate started to move inde-
pendently of the South American plate (Lagabrielle et al., 2009)
along a sinistral strike-slip fault zone (Ghiglione, 2016b and refer-
ences therein). Strike-slip deformation has persisted in the south-
ernmost Andes since the Oligocene (Ghiglione, 2016b).
This review of the regional geologic literature indicates that
the tectonic evolution of the Central and Northern Patagonian
Andes are basically similar while the history of the Southern
Patagonian Andes is fundamentally different. It appears that the
northern and central segments were subjected to alternating
phases of compressional and extensional deformation during the
Cenozoic whereas the southern segment was mostly dominated
by compressive tectonics, Andean growth, and foreland deposi-
tion during that period. It is possible that there is a change in the
tectonic behavior of the segments located north and south of
w47S during the Cenozoic. However, such a change is difﬁcult toexplain considering that convergence conditions have been rather
similar in both segments during most of the Cenozoic (e.g., Pardo-
Casas and Molnar, 1987). Another possibility is that some of the
mentioned tectonic interpretations (including ours) are erroneous
and that the Central and Northern Patagonian Andes were
dominated by compressive deformation during the entire Ceno-
zoic or that the Southern Patagonian Andes were subjected to
alternating phases of compressional and extensional deformation
during that period. Our data are not conclusive and do not allow
us to solve this problematic for the moment. However, the
geochemistry of the volcanic rocks from the BIMCC and San José
formations and the presence of marine deposits of the Guadal
Formation in the eastern and axial parts of the Central Patagonian
Andes are important evidence in favor of thin crust and against
topographic growth of the Andes, at least during most of the early
Eoceneeearly Miocene interval. It appears that compressional
tectonics in this Andean segment during the Cenozoic was almost
limited to a short interval betweenw19 Ma and 12 Ma. Rodríguez
Tribaldos et al. (2017) reached a similar conclusion using quanti-
tative drainage analysis. They proposed that uplift in the Central
Patagonian Andes was minor until w20 Ma, coinciding with the
transit between marine deposition of the Guadal Formation and
synorogenic ﬂuvial sedimentation of the Santa Cruz Formation.
The occurrence of the late Oligoceneeearly Miocene marine de-
posits of the Guadal Formation strata atw1700 m a.m.s.l. (see De
la Cruz and Suárez, 2008) in the Chile Chico area provides addi-
tional evidence for recent uplift. Interestingly, data based on fossil
mammals, paleobotanical, and palynological studies (Ortiz-
Jaureguizar and Cladera, 2006; Barreda and Palazzesi, 2007;
Palazzesi and Barreda, 2012) indicate that the Patagonian Andes,
including the southern segment of this range, did not attained the
sufﬁcient height as to cause an important orographic rain shadow
effect that considerably increased the aridity in the eastern fore-
land until the middle-late Miocene. In addition, recent studies
based on K-Ar dating on synkinematically formed illite in low-
grade metamorphic pelites from the Southern Patagonian Andes
(51Se52S) indicate low exhumation rates for this area between
46.5 Ma and 22 Ma suggesting a period of geological quiescence
(Süssenberger et al., 2017). These data suggests that Cenozoic
Andean growth in the entire Patagonian Andes was not signiﬁcant
until the early Miocene. We anticipate future studies that will
improve our understanding of the differences in the tectonic
evolution of the northern, central, and southern segments of the
Patagonian Andes during the Cenozoic.
8. Conclusions
In order to better understand the geologic evolution of the
Central Patagonian Andes during the Cenozoic, we carried out
geochronologic, provenance, stratigraphic, sedimentologic, and
geochemical studies on the sedimentary and volcanic deposits that
crop out at the Meseta Guadal and Chile Chico areas (w47S).
Our geochronologic data indicate the presence of a nearly
complete Cenozoic record in the Central Patagonian Andes, which
refutes previous interpretations of a hiatus between the middle
Eocene and late Oligocene. The successions of the two studied areas
present stratigraphic differences. The Chile Chico succession is
exposed in the eastern ﬂank of the Andes and crops out in a plateau
limited to the east by the Jeinemeni reverse fault. West of this fault,
a concordant succession of Cenozoic sedimentary and volcanic
strata includes ﬂuvial deposits of the upper Paleoceneelower
Eocene Ligorio Márquez Formation, basaltic rocks of the Eocene
Basaltos Inferiores de la Meseta Chile Chico Formation, marine
strata of the upper Oligoceneelower Miocene Guadal Formation,
and middle MioceneePliocene basaltic rocks of the Basaltos
A. Encinas et al. / Geoscience Frontiers 10 (2019) 1139e11651162Superiores de la Meseta de Chile Chico and Pico Sur formations.
East of the Jeinemeni fault the succession comprises the same units
but the loweremiddle Miocene Santa Cruz Formation overlies the
Guadal Formation and underlies the basalts of the Meseta Lago
Buenos Aires Formation, which is correlative with the BSMCC
Formation.
The Meseta Guadal succession constitutes the only record of
Cenozoic deposits in the axial part of the Patagonian Andes. The
Cenozoic rocks form a concordant succession including middle
Eoceneeupper Oligocene ﬂuvial strata of the San José Formation,
upper Oligoceneelower Miocene marine deposits of the Guadal
Formation, and loweremiddle Miocene ﬂuvial strata of the Santa
Cruz Formation.
We carried out the ﬁrst geochemical analysis on volcanic rocks
of the San José Formation. Our results indicate that this volcanism is
linked to an arc-like setting with tholeiitic to calc-alkaline sources
and clear slab-derived ﬂuid input. Trace element ratios suggest
their equilibrium at pressures consistent with crust of normal to
attenuated thickness, similar to late Oligoceneeearly Miocene arc-
derived volcanism developed within the extensional setting of the
Traiguen and Ventana formations. This arc-like volcanism contrasts
with Eocene to Oligocene alkaline magmatism registered in the
Andean and extra-Andean regions at the same latitude. The latter is
mostly associated with a typical intraplate setting, characterized by
deeper E-MORB sources.
The Ligorio Márquez Formation shows a subtle angular uncon-
formity with Upper JurassiceLower Cretaceous strata of the El
Toqui Formation, which reﬂects compressive deformation during
part of the CretaceousePaleocene interval. Cenozoic units that crop
out in the study area present conformable or paraconformable
contact relationships among them, which suggests the absence of
signiﬁcant compressive deformation during this period. We only
identiﬁed growth strata in the synorogenic ﬂuvial deposits of the
early-middle Miocene Santa Cruz Formation and younger units in
the area. Although our data are not conclusive, geochemical studies
and stratigraphic considerations suggest that the ﬂuvial strata and
the ﬂood basalts of the Ligorio Márquez and the BIMCC formations
were probably formed during an extensional phase related to the
subduction of the Aluk-Farallon spreading ridge during the late
Paleocene to Eocene. Geochemical data suggest that the San José
Formation was deposited in an extensional setting during the
middle Eocene to late Oligocene. Progressive crustal thinning
probably allowed the transgression of marine waters of Atlantic
origin and deposition of the Guadal Formation sediments during
the late Oligoceneeearly Miocene. The ﬂuvial synorogenic strata of
the Santa Cruz Formation and younger units were deposited during
compressive deformation and Andean uplift during the early-
middle Miocene. Finally, published geochemical data suggest that
the alkali ﬂood basalts of the middle MioceneePliocene Basaltos
Superiores de la Meseta Chile Chico and Meseta Lago Buenos Aires
formations and younger units were extruded in the area in
response to the suduction of the Chile Ridge under an extensional
regime.
Our studies show that clear evidence of compressive tectonics in
the Central Patagonian Andes is limited to the Late
CretaceousePaleocene (?) and the earlyemiddle Miocene
(w19e12 Ma) intervals, whereas extensional or neutral tectonic
conditions appear to have dominated most of the Cenozoic. This
tectonic evolution is similar to that ascribed to the North Patago-
nian Andes. In contrast, the Southern Patagonian Andes is generally
thought to have been the subject of compressive deformation and
foreland sedimentation from the late Early Cretaceous to present
time interval. These data suggest a change in the tectonic behavior
of the Patagonian Andes north and south of w47S. Despite this,
some studies suggest that the evolution of the Southern PatagonianAndes does not differ substantially from that of the Northern and
Central segments. Further studies should be carried out in order to
accurately understand the differences in the Cenozoic tectonic
evolution of the northern, central, and southern parts of the Pata-
gonian Andes.
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